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Abstract
We review recent experimental results onB meson decays. These include mea-
surements of the inclusive production of charmed and non-charmed mesons
and baryons, the reconstruction of a large number of exclusive hadronic fi-
nal states with charmed mesons, the search for exclusive hadronic final states
without charmed mesons, and the first observation of the decay B → K∗γ
which is described by an electromagnetic penguin diagram. The theoretical
implications of these results will be considered.
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I. INTRODUCTION
In the past two years there have been major advances in our knowledge of the decays
of B mesons. This is primarily a result of the large data sample of about 2 fb−1 that has
been collected on the Υ(4S) by the CLEO II collaboration at the Cornell Electron Storage
Ring (CESR). The CLEO II detector has excellent capabilities for measuring both charged
tracks and neutral showers, and has reconstructed a large number of exclusive hadronic B
decays. We will discuss the results that have been obtained on Cabibbo favored hadronic B
decays [2], as well as the new results on rare B decays [3,4]. Older results from the ARGUS
experiment, which operated at the DORIS storage ring and from the CLEO 1.5 experiment,
which preceded the CLEO II detector are also discussed. We note that the LEP experiments
and the CDF experiment at the Tevatron Collider have recently observed exclusive hadronic
decays of both B and Bs mesons. This demonstration of the feasibility of reconstructing B
decays in e+e− collisions at the Z0, and in high energy pp¯ collisions, is an indication of the
possibilities for future studies of B mesons.
FIG. 1. B meson decay diagrams: (a) external spectator and (b) color suppressed spectator.
Since the top quark mass is large, B mesons are expected to be the only weakly decaying
mesons containing quarks of the third generation. This means that their decays are a unique
window on the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements Vcb, Vub, Vts and Vtd,
describing the couplings of the third generation of quarks to the lighter quarks. Hadronic B
meson decays occur primarily through the Cabibbo favored b→ c transition. In such decays
the dominant weak decay diagram is the spectator diagram, shown in Fig. 1(a), where the
virtualW− materializes into either a u¯d or a c¯s pair. This pair becomes one of the final state
hadrons while the c quark pairs with the spectator anti-quark to form the other hadron.
The spectator diagram is modified by hard gluon exchanges between the initial and final
quark lines. This leads to the “color suppressed” diagram shown in Fig. 1(b), which has
a different set of quark pairings. Observation of B → ψXs decays, where Xs is a strange
meson, gives experimental evidence for the presence of this diagram. Further information
on the size of the color suppressed contribution can be obtained from B¯0 → D0 (or D∗0)X0
transitions, where X0 is a neutral meson. In B− decays, both types of diagrams are present
and can interfere. By comparing the rates for B− and B¯0 decays, the size and the sign of
the color suppressed amplitude can be determined.
It has been suggested by Bjorken [5] that, in analogy to semileptonic decays, two body
decays of B mesons can be expressed as the product of two independent hadronic currents,
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one describing the formation of a charm meson and the other the hadronization of the u¯d
(or c¯s) system from the virtual W−. Qualitatively, he argues that for a B decay with a
large energy release the u¯d pair, which is produced as a color singlet, travels fast enough to
leave the interaction region without influencing the second hadron formed from the c quark
and the spectator anti-quark. The assumption that the amplitude can be expressed as the
product of two hadronic currents is called “factorization” in this paper. It is expected that
the simple approximation of the strong interaction effects by the factorization hypothesis will
be more reliable in B meson decays than in the equivalent D meson decays due to the larger
characteristic energy transfers and the consequent suppression of final state interactions.
We will discuss several tests of the factorization hypothesis based on the comparison of
semileptonic and hadronic B meson decays.
All B meson decays that do not occur through the usual b → c transition are known
as rare B decays. The simplest diagram for a rare B decay is obtained by replacing the
b → c transition by a Cabibbo suppressed b → u transition. These decays probe the small
CKM matrix element Vub, the magnitude of which sets bounds on the combination ρ
2+η2 in
the Wolfenstein parameterization of the CKM matrix. So far the only measurement of the
magnitude of Vub has been obtained from semileptonic B decays [6]. We discuss the status
of the search for rare hadronic B decays, and in particular the possibility of measuring the
decay B0 → π+π− which is important for the study of CP violation in B decays.
FIG. 2. Diagram for the electromagnetic penguin in B meson decay.
Since the contribution of the spectator diagram to rare B decays is suppressed it is
expected that additional diagrams will make a large contribution to some decay modes. The
most significant of these diagrams is the one-loop flavor-changing neutral current diagram
known as the “penguin” diagram (Fig. 2). The Cabibbo allowed part of this diagram,
corresponding to a b→ s transition, is expected to dominate the amplitude of rare decays to
final states with one or three s-quarks. There is also a Cabibbo suppressed b→ d amplitude
which may not be negligible in decays to final states with no c or s quarks. It should be
noted that the loop diagram is much more significant in B decays than in D decays because
the b → s loop contains the heavy top quark with large couplings Vtb and Vts, whereas
contributions to the equivalent c → u loop are suppressed either by the small couplings Vcb
and Vub, or by the small s and d quark masses.
The observation of the decay B → K∗(892)γ, recently reported by the CLEO II experi-
ment, is the first direct evidence for the penguin diagram.
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This decay is described by the electromagnetic transition b → sγ, which is a b → s
penguin loop accompanied by the radiation of a photon from either the loop, or the initial
or final state quarks. This important new result will be discussed in some detail. We will
also comment on the recent discussion about the sensitivity of the b → sγ process to non-
standard model contributions within the loop [7]. In many extensions of the standard model
an additional contribution to b → sγ is expected to come from a charged Higgs. We will
discuss the extent to which the data from the CLEO II experiment allow bounds to be set
on such non-standard model contributions.
II. THE EXPERIMENTAL STUDY OF B DECAY
A. Υ(4S) Experiments
The first fully reconstructed B mesons were reported in 1983 by the CLEO I collaboration
[8]. Since then the CLEO 1.5 experiment [9,10] has collected 212 pb−1 [11], the ARGUS
experiment [12–14] has collected 246 pb−1, and the CLEO II experiment has collected about
2 fb−1, of which between 0.9 and 1.4 fb−1 have been used to obtain the results described in
this review [2–4]. All these experiments take data on the Υ(4S) resonance at e+e− colliders.
The techniques used by experiments which operate at the Υ(4S) resonance are discussed in
detail in the review by M. Artuso in this volume. It is assumed here that the Υ(4S) resonance
always decays to pairs of B mesons, and that f+, the fraction of B
+B− pairs produced in
Υ(4S) decay, is equal to f0, the fraction of B
0B¯0 pairs produced in these decays. Older
results which assumed other values of f+ and f0 have been rescaled.
The Υ(4S) resonance sits on a continuum background consisting of e+e− → qq¯, where q
can be any of u, d, s, c. This continuum background is studied by taking a significant amount
of data at an energy just below the Υ(4S) resonance, e.g. CLEO II records a third of its
data at an energy 55 MeV below the resonance. Using this data sample, and Monte Carlo
simulations of qq¯ jets, cuts have been devised to suppress the continuum background. In
Υ(4S) production of BB¯ pairs, the B mesons are produced almost at rest, and their decay
axes are uncorrelated. These events are rather spherical in shape, and can be distinguished
from jetlike continuum events using a variety of event shape variables. For the study of
inclusive production in B decays a particularly useful variable is the normalized second Fox-
Wolfram moment [15], R2, which is 0 for a perfectly spherical event, and 1 for an event
completely collimated around the jet axis. For the study of exclusive B decay modes it is
more useful to compare the axis of the reconstructed B candidate with the axis of the rest
of the event. Examples of variables used are the direction of the sphericity axis or the thrust
axis of the rest of the event with respect to the B candidate, θS or θT , and the sum of the
momenta transverse to the axis of the B candidate, known as s⊥ [16]. There is also some
information in the direction of flight of the B meson, which is expected to be distributed like
sin2 θB, whereas the continuum background is flat. We will discuss the use of these cuts, and
their effectiveness for particular analyses, but refer the reader to the article by M. Artuso
for a more detailed discussion of the shape variables.
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B. High Energy Collider Experiments
In the past, evidence for the production of b quarks in high energy experiments has
been deduced from the presence of high pT leptons. Recently, significant progress in the
isolation of events containing b quarks has been made possible by the installation of silicon
vertex detectors near the interaction point at several collider experiments. These b quarks
hadronize as Bd, Bu, Bs mesons and baryons containing b quarks. Evidence for Bs and Λb
production has been reported but the relative production fractions are not well known [17].
With the improvement in background suppression provided by these solid state detectors,
signals for exclusive hadronic Bd, Bu and Bs meson decays have been isolated in the invariant
mass spectra for low multiplicity final states (e.g. Bs → ψφ). However, the resolution in
invariant mass (O(20 MeV)) is poorer than the resolution in beam constrained mass in
threshold experiments and is not sufficient to clearly separate modes with an additional
photon or modes where one kaon is replaced with a pion. Although collider experiments
cannot determine absolute branching fractions without making further assumptions or using
information from experiments at the Υ(4S), they can measure relative branching fractions.
Some high energy experiments have also obtained inclusive signals for D0, D∗+, ψ mesons in
B decay. However, it is difficult to distinguish the contribution of Bd, Bu and Bs mesons.
C. Determination of B Meson Branching Fractions
To extract B meson branching ratios, the detection efficiencies are determined from
a Monte Carlo simulation and the yields are corrected for the charmed meson branching
fractions. In order to determine new average branching ratios for B meson decays the
results from individual experiments must be normalized with respect to a common set of
charm meson and baryon absolute branching fractions. The branching fractions for the D0
and D+ modes used to calculate the B branching fractions are given in the Tables below.
We have chosen the precise value of the D0 → K−π+ branching fraction recently reported
by CLEO II to normalize the results [18]. The branching fractions of other D0 decay modes
relative to D0 → K−π+ are taken from the PDG compilation [19]. The D+ branching ratio
is taken from the Mark III experiment [20].
TABLE I. D0 branching fractions [%] used in previous publications and this review.
Mode ARGUS, CLEO 1.5 [10], [13] ARGUS (DDs) [21] CLEO II [2] This review
K−π+ 4.2± 0.6 3.7± 0.3 3.91± 0.19 3.9± 0.2
K−π+π−π+ 9.1± 1.1 7.5± 0.5 8.0± 0.5 8.0± 0.5
K−π+π0 13.3 ± 1.8 11.3 ± 1.1 12.1± 1.1 12.1 ± 1.1
K0π+π− 6.4± 1.1 5.4± 0.5 5.8± 0.5
Branching ratios for all Ds decay modes are normalized relative to B(Ds → φπ). There
are no model-independent measurements of the absolute branching fraction for Ds → φπ.
The currently favored method uses measurements of Γ(Ds → φlν)/Γ(Ds → φπ). The rate
Γ(Ds → φlν) is determined from measurements of τDs/τD+, Γ(D+ → K∗lν), and using
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TABLE II. D+ branching fractions [%] used in previous publications and this review.
Mode ARGUS, CLEO 1.5 [10], [13] ARGUS (DDs) [21] CLEO II [2] This review
K−π+π+ 9.1± 1.4 7.7± 1.0 9.1± 1.4 9.1± 1.4
K0π+ 3.2± 0.5 2.6± 0.4
K0π+π+π− 6.9± 1.1
Γ(D+ → K∗lν)/ Γ(Ds → φlν) obtained from theory. We use the value of B(Ds → φπ)
derived in reference [22] .
TABLE III. Ds branching fraction [%] used in previous publications and this review.
Mode CLEO 1.5 [10] ARGUS (DDs) [21] This review
φπ+ 2.7± 0.7 3.0± 1.1 3.7± 0.9
Since the publication of the ARGUS and CLEO 1.5 papers on hadronic decays, the
branching fractions for the D∗ → Dπ(γ) modes have been significantly improved by more
precise measurements from CLEO II [23]. For modes which contain D∗ mesons we have
recalculated the branching ratios using the CLEO II measurements.
TABLE IV. D∗ branching fractions [%] used in previous publications and this review.
Mode ARGUS, CLEO 1.5 [10], [13] CLEO II [2] This review
D∗0 → D0π0 55.0 ± 6 63.6 ± 4.0 63.6 ± 4.0
D∗0 → D0γ 45.0 ± 6 36.4 ± 4.0 36.4 ± 4.0
D∗+ → D0π+ 57.0 ± 6 68.1 ± 1.6 68.1 ± 1.6
TABLE V. Charmonium branching fractions [%] used in previous publications and this review.
Mode ARGUS, CLEO 1.5 [10], [13] CLEO II [2] This review [24]
ψ → e+e− 6.9 ± 0.9 6.3± 0.2 5.9 ± 0.25
ψ → µ+µ− 6.9 ± 0.9 6.0± 0.25 5.9 ± 0.25
ψ′ → e+e− and µ+µ− 1.7 ± 0.3 1.7± 0.3 1.7 ± 0.3
ψ′ → ψπ + π− 32.4 ± 2.6 32.4 ± 2.6 32.4 ± 2.6
χc1 → ψγ 27.3 ± 1.6 27.3 ± 1.6 27.3 ± 1.6
We also give the old and new values assumed for the decays ψ → e+e− and ψ → µ+µ−.
We have chosen to use the precise measurement of these decays recently performed by the
MARK III collaboration [24]. The modes ψ
′ → ℓ+ℓ− and ψ′ → ψπ+π− are used to form B
meson candidates in modes involving ψ′ mesons. B meson decays into final states containing
χc mesons are reconstructed using the channel χc1 → ψγ. Product branching ratios for all
modes containing ψ mesons have been rescaled to account for the improved ψ branching
fractions.
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In the cases where only one D0 decay mode was used to reconstruct the B meson the
published branching ratio is simply rescaled. The procedure for recalculating the branch-
ing ratios becomes more complicated when more than one D decay channel is used. All
experiments used the following procedure to obtain their results
B(B) = Nobserved
ǫ×NB × (B(D∗))×∑Bi(D0)
where NB is the number of B mesons. The efficiency ǫ is defined as
ǫ =
∑Bi(D0)ǫi∑Bi(D0)
The index i refers to the D meson decay channel. Therefore the rescaled branching ratio is
given by
B = Nobserved
NB × (B(D∗))×∑Bi(D0)ǫi
The CLEO collaboration published enough information, including the yields and the
efficiencies for the individual D0 decay channels, so that rescaling their B branching ratios
is straightforward.
Although theD0 reconstruction efficiencies depend slightly on the B meson decay channel
under study, the only information available from the ARGUS collaboration are average D0
reconstruction efficiencies < ǫ >i. Therefore we had to make the assumption that the correct
way to renormalize the ARGUS results is to multiply their branching ratios by the scale factor
F where
F =
∑
< ǫ >i ×Bi(D0)old∑
< ǫ >i ×Bi(D0)new
The validity of this assumption has been checked using CLEO 1.5 data.
Statistical errors are recalculated in the same way as the branching ratios. For the results
from individual experiments on B decays to final states with D mesons two systematic errors
are quoted. The second systematic error contains the contribution due to the uncertainties
in the D0 → K−π+ or D+ → K−π+π+ branching fractions. This will allow easier rescaling
when these branching ratios are measured more precisely. The first systematic error includes
the experimental uncertainties and when relevant the uncertainties in the ratios of charm
branching ratios, e.g. Γ(D0 → K−π+π+π−)/Γ(D0 → K−π+), the error in the D∗ branching
fractions and the error in B(Ds → φπ+). For all other modes only one systematic error is
given. For the world averages the statistical and the first systematic error are combined in
quadrature while the errors due to the D0 and D+ scales are still listed separately. With the
improvement in the precision of the D0 and D∗ branching fractions these are no longer the
dominant source of systematic error in the study of hadronic B meson decay.
III. INCLUSIVE B DECAY
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A. Motivation
Due to the large mass of the b quark B meson decays give rise to a large number of
secondary decay products. For instance, CLEO finds that the charged and photon multiplic-
ities at the Υ(4S) are: ncharged = 10.99± 0.06± 0.29, nγ = 10.00± 0.53± 0.50, respectively
[25]. Similarly, ARGUS [26] finds ncharged = 10.74±0.02. The high multiplicity of final state
particles leads to a large number of possible exclusive final states. Even with a detector that
has a large acceptance for both charged tracks and showers, it is difficult to reconstruct many
exclusive final states because of the combinatorial backgrounds. Furthermore the detection
efficiency drops for high multiplicity final states. Thus, to get a complete picture of B meson
decay, it is important to study inclusive decay rates.
A number of theoretical calculations of inclusive B decay rates have been made using the
parton model. It is believed that measurements of such inclusive rates can be more reliably
compared to the theoretical calculations than can measurements of exclusive decays (e.g. see
the contribution by Bigi in this volume). While this is sufficient motivation for studying the
inclusive rates, there is also a need for accurate measurements in order to model the decays
of B mesons both for high energy collider experiments, and for experiments at the Υ(4S).
As a specific example, the inclusive rate for B → ψ has been used to determine the B meson
production cross-section at the Tevatron [27].
The branching ratios for inclusive B decays to particular final state particles are de-
termined by measuring the inclusive yields of these particles in data taken on the Υ(4S)
resonance, and subtracting the non-resonant background using data taken at energies below
the Υ(4S) resonance. The off-resonance data are scaled to correct for the energy dependence
of the continuum cross-section. Results on inclusive production at the Υ(4S) are usually
presented as a function of the variable x, which is the fraction of the maximum possible
momentum carried by the particle, pmax =
√
E2beam −M2. The endpoint for production in
B decays is at x = 0.5.
B. Inclusive B Decay to Mesons
CLEO 1.5 [28] has measured the branching fractions of inclusive B decays to light mesons,
while ARGUS has determined the average multiplicities of light mesons in B decay. If
more than one meson of the particle type under study is produced in a BB¯ decay, then
the branching fraction and the multiplicity will differ. Unless otherwise noted, the results
reported in Table VI are averaged over B and B¯ decay.
In the decay b→ c→ s the charge of the kaon can be used to determine the flavor of the
b quark. A first attempt to measure the tagging efficiency and misidentification probability
for this method has been performed by ARGUS [29]. With the large sample of reconstructed
B0 and B+ decays from CLEO II it should be possible to measure these quantities directly.
The experiments also measure the momentum spectra for the particles listed in Table VI.
These results provide important information needed to improve Monte Carlo generators for
future B experiments.
The inclusive production of D0, D+, D+s and D
∗+ mesons in B decay has been measured
by ARGUS [30] and CLEO 1.5 [31]. To improve signal to background, only the D0 → K−π+,
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TABLE VI. Multiplicities or branching fractions of light mesons per B meson decay.
Mode CLEO 1.5 [28] ARGUS [29]
(Branching Ratio) (Multiplicity)
B/B¯ → π± 3.59± 0.03 ± 0.07
(not from Ks,Λ)
B/B¯ → π± 4.11± 0.03 ± 0.08
(incl. Ks,Λ)
B/B¯ → K± 0.85 ± 0.07 ± 0.09 0.78± 0.02 ± 0.03
B¯ → K− 0.66 ± 0.05 ± 0.07
B¯ → K+ 0.19 ± 0.05 ± 0.02
B/B¯ → K0/K¯0 0.63 ± 0.06 ± 0.06 0.64± 0.01 ± 0.04
B/B¯ → K∗0 0.146 ± 0.016 ± 0.020
B/B¯ → K∗+ 0.182 ± 0.054 ± 0.024
B/B¯ → ρ0 0.209 ± 0.042 ± 0.033
B/B¯ → ω < 0.41 (90% C.L.)
B/B¯ → f0(975) < 0.025 (90% C.L.)
B/B¯ → η′ < 0.15 (90% C.L.)
B/B¯ → φ 0.039 ± 0.003 ± 0.004
D+ → K−π+π+ and D+s → φπ+ decay modes are used. The results, rescaled for the charm
branching ratios, are given in Tables VIII–IX. The momentum spectrum for the inclusive
decay of B mesons to D0, D+, and D∗+ as measured by CLEO 1.5 are shown in Fig. 3.
The D∗+ spectrum is not measured for x < 0.1 due to poor reconstruction efficiency for
slow tracks. The shape of the Ds momentum spectrum (Fig. 4) indicates that there is
a substantial two body component. In model dependent fits the ARGUS and CLEO 1.5
experiments find two body fractions of (58± 7± 9)% [30] and (56± 10)% [31], respectively.
The polarization as a function of x for B → D∗+ has also been measured and found to
agree with the predictions of Wirbel and Wu [32] and of Pietschmann and Rupertsberger
[33].
Results on inclusive B decay to final states with ψ and ψ′ mesons have been reported by
CLEO 1.5 [10], ARGUS [34], and CLEO II [35]. In the most recent high statistics analysis
from CLEO II, the effect of final state radiation has been taken into account [36]. This effect
leads to a significant tail on the low side of the ψ → e+e− mass peak and a smaller effect in
the µ+µ− spectrum. Even with a large mass window that extends from 2.50 to 3.05 GeV/c2,
this effect can modify the calculated detection efficiency by more than 10%. Corrections
are also made for non-resonant ψ production in the CLEO II analysis [37]. The resulting
invariant dielectron and dimuon mass distributions are shown in Fig. 5.
The momentum spectrum for B → ψ, ψ′ transitions has been measured (Fig. 6 shows
the ψ momentum spectrum). The two body component due to B → ψK and B → ψK∗
saturates the spectrum in the momentum range between 1.4 and 2.0 GeV. ARGUS has
determined B(B → ψ, where ψ not from ψ′) = (0.95± 0.27)%. The two body component
constitutes about 1/3 of direct ψ production.
The polarization ΓL/Γ as a function of momentum for B → ψ transitions has also been
determined (see Table VII). According to ARGUS, the ψ mesons in the highest momentum
11
FIG. 3. B → D0X, D+X, and D∗+X momentum spectra in CLEO 1.5 data. The dashed curve
is the prediction of the phenomenological model of Wirbel and Wu while the solid histogram is the
prediction of their free quark model
TABLE VII. ψ polarization ΓL/Γ in inclusive B meson decays.
ψ momentum CLEO II [38] ARGUS [39]
pψ < 0.8 GeV/c 0.55 ± 0.35
0.8 GeV/c < pψ < 1.4 GeV/c 0.49 ± 0.32
1.4 GeV/c < pψ < 2.0 GeV/c 0.78 ± 0.17 1.17± 0.17
all pψ < 2.0 GeV/c 0.59 ± 0.15
bin are completely longitudinally polarized. Since the highest momentum bin is dominated
by two body B decay, the polarization measured in this bin can be used to estimate the
polarization of B → ψK∗ after correcting for the contribution of B → ψK. Therefore the
ARGUS result indicates that the B → ψK∗ mode is dominated by a single orbital angular
momentum state and hence by a single CP eigenstate.
CLEO II [37] and ARGUS [40] have reported results on inclusive B → χcX,χc → γψ
decays. ARGUS assumes there is no χc2 production. CLEO II has a 4.5 times better χc mass
resolution than ARGUS and allows for both possibilities. The branching ratio for χc0 → γψ
is (6.6± 1.8)× 10−3 so the contribution of the χc0 meson can be neglected.
In a parton level calculation, Palmer and Stech [41] find that B(B → Xcc¯) = 19 ± 1%
where the theoretical error is the uncertainty due to the choice of quark masses. This can
be compared to the sum of the experimental measurements B(B → DsX) + 4 ∗ B(B →
ψX) + B(B → ψ′X) = 12.9 ± 1.0% where the factor of 4 which multiplies B(B → ψX)
12
FIG. 4. B → DsX momentum spectrum in ARGUS data. The solid line is the sum of the two
components. The two dotted lines indicate the two body component and three body process.
includes a factor of 2 for the two charm quarks, and an additional factor of 2 which is a
generous estimate of the unobserved contributions from B decays to ηc and χ states.
C. Inclusive B Decay to Baryons
ARGUS [42] and CLEO 1.5 [43] have observed inclusive yields of p¯, Λ, Ξ and the charmed
Λc baryon, and recently CLEO II has reported the observation of B → ΣcX [44]. The
measured branching ratios for these decays and the world averages can be found in Table
X. The determination of branching ratios for inclusive B decays to the charmed baryons Λc
and Σc requires knowledge of B(Λc → pK−π+). However, the uncertainty in this quantity
TABLE VIII. Branching fractions for inclusive B decays to charm mesons.
Particle Signature ARGUS CLEO 1.5 CLEO II
D0 K−π+ 49.5 ± 3.8± 6.4± 2.0 59.7 ± 3.2± 3.6± 2.4
D+ K−π+π+ 23.9 ± 2.9± 4.4± 2.4 24.9 ± 3.3± 2.0± 2.5
D∗+ D0π+ 27.6 ± 2.3± 4.7± 1.1 22.7 ± 1.3± 2.3± 0.9
D+s φπ
+ 7.9± 1.1 ± 0.8± 2.6 8.3± 1.2 ± 0.8± 2.7
ψ e+e−, µ+µ− 1.25 ± 0.19 ± 0.26 1.31 ± 0.12 ± 0.27 1.09 ± 0.04± 0.07
ψ′ ℓ+ℓ−, ψπ+π− 0.50 ± 0.19 ± 0.12 0.36 ± 0.09 ± 0.13 0.30 ± 0.05± 0.03
χc1 ψγ 1.23 ± 0.41 ± 0.29 0.56 ± 0.16± 0.14
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FIG. 5. B → ψX mass spectra from CLEO II: (a) ψ → e+e− channel and (b) ψ → µ+µ−
channel.
is still large and it can only be determined by indirect methods. The results given in this
review use B(Λc → pK−π+) = (4.3± 1.0± 0.8)% [43]. For modes involving Λc baryons the
uncertainty due to the Λc branching ratio scale is listed as a separate error.
In a parton level calculation with diquark correlation taken into account, Palmer and
Stech [41] have performed a calculation of the total rate for inclusive B decay to charmed
baryons. They find B(B → charmed baryons) ≈ 6%. Neglecting small contributions from
B → Ξc transitions, we assume all B to charmed baryon decays proceed through a Λc baryon
so we can compare this prediction to the experimental result B(B → ΛcX) = (6.4 ± 1.3 ±
1.9)%.
The momentum spectrum of B → Λc transitions has been measured by CLEO 1.5 [43]
and ARGUS [42]. No significant two body component is found. Similarly, CLEO II has
TABLE IX. World averages for branching fractions of inclusive B decays to charm mesons.
Particle Signature Branching Ratio
D0 K−π+ 56.7 ± 4.0 ± 2.3
D+ K−π+π+ 24.6 ± 3.1 ± 2.5
D∗+ D0π+ 23.7 ± 2.3 ± 0.9
D+s φπ
+ 8.1± 0.9± 0.1
ψ e+e−, µ+µ− 1.11 ± 0.08
ψ′ ℓ+ℓ−, ψπ+π− 0.32 ± 0.05
χc1 ψγ 0.66 ± 0.20
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FIG. 6. B → ψX momentum spectra in CLEO II data.
found that B → Σ0cX and B → Σ++c X have no two body contribution. To date, no exclusive
B → baryon decays have been reconstructed.
In addition to the inclusive branching ratios given above, CLEO 1.5 [43] and ARGUS [42]
have investigated baryon correlations in B decay in order to elucidate the underlying decay
process. We follow the notation of Reference [43] . Let N denote baryons with S = C = 0
(e.g. p, n, ∆, N∗). Let Y refer to baryons with S = −1, C = 0 (e.g. Λ, Σ0, Σ+). Let Yc
refer to baryons with S = 0, C = 1 [e.g. Λ+c , Σ
(+,0,++)
c ] . Then the following final states can
be used to distinguish possible mechanisms for baryon production in B decay (Fig. 7).
1. B¯ → YcN¯X , B¯ → ΞcY¯ X
These final states are produced by the usual b → cW− coupling in a spectator or ex-
change diagram in conjunction with the popping of two quark pairs from the vacuum
(as shown in Figs. 7(a),(b)). It should be noted that the two mechanisms can be dis-
tinguished by examination of the Yc momentum spectrum, since the exchange diagram
will produce two body final states (e.g. Λcp¯ or Σ
++
c ∆¯
−−).
2. B¯ → DNN¯X , B¯ → DY Y¯ X
The noncharmed baryon-antibaryon is produced from W fragmentation after
hadronization with two quark-antiquark pairs popped from the vacuum (as shown
in Figs. 7(c),(d)). The D meson is formed from the charm spectator quark system.
If this mechanism is significant, inclusive production of charmless baryon-antibaryon
pairs should be observed in B decay.
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TABLE X. Branching fractions [%] of inclusive B decays to baryons.
Mode CLEO 1.5 ARGUS CLEO II Average
B → p¯ X 8.0± 0.5± 0.3 8.2± 0.5+1.3−1.0 8.0 ± 0.5
(incl. Λ)
B → p¯ X 5.6± 0.6± 0.5 5.5± 1.6 5.6 ± 0.7
(not from Λ)
B → Λ X 3.8± 0.4± 0.6 4.2± 0.5± 0.6 4.0 ± 0.5
B → Ξ− X 0.27± 0.05 ± 0.04 0.28 ± 0.14 0.27 ± 0.06
B¯ → Λc X 6.3± 1.2± 0.9± 1.9 7.0± 2.8± 1.4 ± 2.1 6.4 ± 1.3± 1.9
B¯ → Σ0c X 0.53 ± 0.19 ± 0.16± 0.16
B¯ → Σ++c X 0.50 ± 0.18 ± 0.15± 0.15
B¯ → Σ0cN¯ < 0.17 (90% C.L.)
B¯ → Σ++c ∆¯−− < 0.12 (90% C.L.)
TABLE XI. Branching fractions [%] of inclusive B decays to baryon pairs.
Mode CLEO 1.5 ARGUS
B → pp¯ X 2.4± 0.1 ± 0.4 2.5 ± 0.2± 0.2
B → ΛΛ¯ X < 0.5 (90% C.L.) < 0.88 (90% C.L.)
B → Λp¯ X 2.9± 0.5 ± 0.5 2.3 ± 0.4± 0.3
B → D∗+pp¯ X < 0.35 (90% C.L.)
B → DNN¯ X < 5.2 (90% C.L.)
3. B¯ → YcY¯ X , B¯ → ΞcY¯cX
These states are produced by the internal spectator graph withW− → c¯s in conjunction
with the popping of two quark antiquark pairs. Since B(W− → c¯s)/B(W− → all) is
about 0.15, this mechanism may be suppressed.
4. B¯ → D−s YcN¯X , B¯ → D−s ΞcY¯ X
This is the same as mechanism (1) with W− → c¯s.
The low rates for B → ΛΛ¯X , Λp¯X and D∗pp¯X suggest that mechanism (2) is small
(Table XI). The absence of a two body component in the momenta spectra of B → ΛcX ,
ΣcX indicates that the W-exchange and internal spectator mechanisms are small. Thus it
is reasonable to assume that B¯ → YcN¯X with an external spectator b → cW− coupling
(Fig. 7(a)) is the principal mechanism in B to baryon transitions.
If B decays to baryons are dominated by B¯ → Λcp¯X and B¯ → Λcn¯X then measurements
of the branching ratios for B → p¯X , B → pp¯X can be used to extract the absolute Λc →
pK−π+ branching ratio. The CLEO 1.5 measurements give B(Λc → pK−π+) = 4.3± 1.0±
0.8% which can be used to normalize all other measured Λc branching ratios. In a similar
analysis ARGUS finds (4.1± 2.4)% for this branching ratio.
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FIG. 7. Decay diagrams for B meson decays to baryons: (a) External Spectator Diagram (b)
W Exchange Diagram (c) External Spectator Diagram producing DNN¯X and DY Y¯ X (d) Internal
Spectator Diagram producing DNN¯X and DY Y¯ X.
D. Charm Production in B Decay
The measurements of inclusive decay rates can be used to test the parton level expectation
that almost all B decays proceed via a b→ c transition. This means B(B → D0X)+B(B →
D+X)+B(B → DsX)+B(B → ΛcX)+2f×B(B → ψX) should be about 115%, where the
extra 15% is due to the fact that the virtual W should form a sc¯ quark pair with a probability
of 0.15 . The small contributions from b → u, penguin transitions and contributions from
B → ΞcX not proceeding through a Λc have been neglected. The factor of 2 which multiplies
B(B → ψX) accounts for the two charm quarks, while the factor f = 2 is a generous estimate
of the contribution from charmonium states that do not decay via ψ. The CLEO 1.5 result
of 104.4 ± 7.7% and the ARGUS result of 93.3 ± 10.5% can be combined to give a world
average of 100.2 ± 6.6% for the average number of charm quarks produced in a B decay.
While the existing data are not yet sufficiently precise to make a convincing case for a charm
deficit in B decay, there are several possible explanations for a deviation from the parton
level expectation. There may be systematic biases in the method of determining inclusive
production rates at the Υ(4S). The charm meson absolute branching fractions can also
contribute a systematic uncertainty, although this error has been significantly reduced by
the new determination of B(D0 → K−π+) [18]. There could be a breakdown of the parton
level approximation in B decay, or there could be a large contribution to the inclusive rate
that has not been included. It has been suggested by Palmer and Stech [41], that b → cc¯s
followed by cc¯ → gluons, which in turn hadronize into a final state with no charm, has a
large branching ratio. Another suggestion is that the rate for the hadronic penguin diagram
b→ sg is larger than expected.
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FIG. 8. The beam constrained mass distributions from CLEO II for: (a) B− → D0π− decays.
(b) B− → D0ρ− decays for | cosΘρ| > 0.4. (c) B¯0 → D+π− decays . (d) B¯0 → D+ρ− decays for
| cosΘρ| > 0.4.
IV. B MESON RECONSTRUCTION
A. Selection of B Candidates
As an example of the techniques of B reconstruction we will briefly describe the procedure
used by the CLEO II experiment to reconstruct the decay modes B → D(∗)(nπ)−. The
CLEO II detector is described in detail elsewhere [45]. It has a momentum resolution for
charged tracks given by (δp/p)2 = (0.0015p)2+(0.005)2, and an energy resolution for isolated
photons from the CsI barrel calorimeter of δE/E[%] = 0.35/E0.75+1.9− 0.1E, where p and
E are in GeV. Charged tracks are identified as pions or kaons if they have ionization loss
information (dE/dx), and/or time-of-flight information (ToF), consistent with the correct
particle hypothesis. Photon candidates are selected from showers in the calorimeter barrel
with a minimum energy of 30 MeV, which are not matched to charged tracks, and which
have a lateral energy distribution consistent with that expected for a photon. Neutral pions
are selected from pairs of photons with an invariant mass within 2.5σ of the known π0 mass.
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FIG. 9. Beam constrained mass distributions from CLEO II for: (a) B− → D∗0π− decays, (b)
B− → D∗0ρ− decays, (c) B¯0 → D∗+π− decays, and (d) B¯0 → D∗+ρ− decays.
Candidate D0 mesons are identified in the decay modes D0 → K−π+, D0 → K−π+π0,
and D0 → K−π+π+π−, while D+ mesons are identified in the decay mode D+ → K−π+π+.
Charged D∗ candidates are found using the decay D∗+ → D0π+, while neutral D∗ candidates
are found using the decay D∗0 → D0π0. Other D and D∗ decay modes are not used because
of poorer signal to background ratios, or because of lower yields [46]. The reconstructed D
masses and D∗ −D0 mass differences are required to be within 2.5σ of the known values.
The D meson candidates are combined with one or more additional pions to form a B
candidate. Cuts on the topology of the rest of the event are made in order to distinguish
BB¯ events from continuum background, as discussed in Section IIA. The following require-
ments are imposed: R2 < 0.5, and | cos(θS)| < 0.9(0.8, 0.7) depending on whether there
are one(two,three) pions added to the D meson. The cosine of the sphericity angle θS is
uniformly distributed for signal, but peaks near ±1 for continuum background. Requiring
that | cos(θS)| be less than 0.7 typically removes 80% of the continuum background, while
retaining 70% of the B decays.
The measured sum of charged and neutral energies, Emeas, of correctly reconstructed B
mesons produced at the Υ(4S), must equal the beam energy, Ebeam, to within the exper-
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FIG. 10. Resonant substructure for B → D∗ρ− from CLEO II for: (a) the π0π− invariant mass
spectrum for the B¯0 → D∗+π0π− decay mode in data. (b) the π0π− invariant mass spectrum for
the B¯0 → D∗+π0π− decay mode in data.
imental resolution. Depending on the B decay mode, σ∆E, the resolution on the energy
difference ∆E = Ebeam − Emeas varies between 14 and 46 MeV. Note that this resolution
is usually sufficient to distinguish the correct B decay mode from a mode that differs by
one pion. For final states with a fast ρ− the energy resolution depends on the momenta of
the final state pions from the ρ meson. This dependence is conveniently parameterized as a
function of the angle between the π− direction in the ρ− rest frame and the ρ− direction in
the lab frame, which we denote as the ρ helicity angle, Θρ. When cosΘρ = +1, the error in
the energy measurement is dominated by the momentum resolution on the fast π−, whereas
at cosΘρ = −1 the largest contribution to the error in the energy measurement comes from
the calorimeter energy resolution on the fast π0.
To determine the signal yield and display the data the beam constrained mass is formed
M2B = E
2
beam −
(∑
i
~pi
)2
, (1)
where ~pi is the momentum of the i-th daughter of the B candidate. The resolution in this
variable is determined by the beam energy spread, and is about 2.7 MeV for CLEO II,
and about 4.0 MeV for ARGUS. [47] These resolutions are a factor of ten better than the
resolution in invariant mass obtained without the beam energy constraint.
For a specific B decay chain, such as B− → D0π−, D0 → K−π+π0 there may be multiple
combinations in a given decay chain. In the CLEO II analysis, if there are multiple candidates
only the entry with the smallest absolute value of ∆E is selected for events with MB > 5.2
GeV. An alternative method is to select the candidate with the highest total probability as
calculated from the sum of all χ2 contributions from particle identification, kinematical fits
and the beam energy constraint [14].
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FIG. 11. Beam constrained mass distributions from CLEO II for: (a) B− → D∗0a−1 and (b)
B¯0 → D∗+a−1 .
B. Background Studies
In order to extract the number of signal events it is crucial to understand the shape of
the background in the MB distribution. There are two contributions to this background,
continuum and other BB¯ decays. The fraction of continuum background varies between
58% and 91% depending on the B decay mode [48]. The shape of the continuum background
is well understood since it depends primarily on the transverse momentum distributions of
the final state particles relative to the jet axis. This has been studied using the off-resonance
data sample, and using Monte Carlo techniques.
The shape of the BB¯ background is more difficult to understand since it is mode depen-
dent. It also has a tendency to peak in the signal region, since the combinatorial background
comes mostly from combinations in which the true final state is altered by one low energy
particle. A particularly troublesome background occurs when the decay D∗0 → D0γ is re-
placed by the decay D∗0 → D0π0. To determine the correct background shape for each B
decay mode, CLEO II has studied the MB distributions for ∆E sidebands, and for combi-
nations in which the charged particles have the wrong charges for the expected spectator
decay diagram, e.g. D+π+ and D¯0π+.
It is found that all of the background distributions can be fitted with a linear background
below MB=5.282 GeV, and a smooth kinematical cutoff at the endpoint, which is chosen to
be parabolic. For each B decay mode CLEO II uses this background function and a Gaussian
signal with a fixed width of 2.64 MeV to determine the yield of signal events. In the ARGUS
and CLEO 1.5 experiments slightly different background parameterizations were used [49].
V. EXCLUSIVE B DECAY TO D MESONS
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FIG. 12. Resonant substructure of B¯0 → D∗+a1 from CLEO II: (a) The π−π−π+ invariant
mass spectrum from a Monte Carlo simulation of B¯0 → D∗+a−1 (b) The π−π−π+ invariant mass
spectrum from Monte Carlo simulation for B¯0 → D∗+(π−ρ0)NR (c) The π−π−π+ mass spectrum
from data after B mass sideband subtraction. The fit to the sum of (a) and (b) is superimposed.
A. Measurements of D(nπ)− Final States
The decay modes B¯0 → D+π−, B¯0 → D+ρ−, B− → D0π−, and B− → D0ρ− are
reconstructed following the procedures outlined in Section IV. The beam constrained mass
distributions from CLEO II are shown in Fig. 8, while the experimental branching ratios are
given in Tables XVI and XVII .
To select B¯ → Dρ− candidates additional requirements are imposed on the π−π0 invariant
mass and the ρ helicity angle. The CLEO II analysis requires |m(π−π0)− 770| < 150 MeV
and | cosΘρ| > 0.4. For the B → Dρ− modes there are events which are consistent with
both B → Dρ− and with B → D∗π−, followed by D∗ → Dπ0. These events are removed
from the B → Dρ− sample using a cut on the D∗ −D mass difference. By fitting the π−π0
mass spectrum and the helicity angle distribution, CLEO II finds that at least 97.5% of the
B → Dπ−π0 rate is described by the decay B → Dρ− [50]. ARGUS [12] also finds that the
π−π0 mass spectrum is consistent with the dominance of ρ production.
B. Measurements of D∗(nπ)− Final States
We now consider final states containing a D∗ meson and one, two or three pions. These
include the B → D∗π− , B → D∗ρ−, and B → D∗a−1 decay channels. The results for the
decays B¯0 → D∗+π−, B¯0 → D∗+ρ− and B¯0 → D∗+π−π−π+ are listed in Table XVII, and
the results for B− → D∗0π−, B− → D∗0ρ− and B− → D∗0π−π−π+ are given in Table XVI.
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FIG. 13. Angular distributions (efficiency corrected) from CLEO II for (a) the helicity angle
from D∗+ → D0π+ in B¯0 → D∗+ρ− and (b)the helicity angle from ρ− → π−π0 in B¯0 → D∗+ρ−
(c) the helicity angle from D∗+ → D0π+ in B¯0 → D∗+π−
The CLEO II B− and B¯0 signals in the D∗π and D∗ρ decay channels are shown in Fig.
9. They find that B → D∗π−π0 is saturated by the decay B → D∗ρ− (Fig. 10) and set a
tight upper limit of < 9% at 90% C.L. on a possible non-resonant contribution [51]. This
disagrees with an ARGUS analysis that finds about 50% of B¯0 → D∗+π−π0 decays do not
contain a ρ− meson [14].
The CLEO II data suggest that the signal in B → D∗π−π−π+ arises dominantly from
B → D∗a−1 . Taking into account the a1 → π−π−π+ branching fractions it follows that
B(B → D∗a−1 ) = 2 × B(B → D∗π−π−π+). In Fig. 11 we show the MB distributions when
the π−π−π+ invariant mass is required to be in the interval 1.0 < π−π−π+ < 1.6 GeV.
Fig. 12 shows a fit to the π−π−π+ mass distributions with contributions from B → D∗+a−1
and a B → D∗+π−ρ0 non-resonant background. The a1 meson has been parameterized as
a Breit-Wigner resonance shape with ma1 = 1182 MeV and Γa1 = 466 MeV. This fit gives
an upper limit of 13% on the non-resonant component in this decay. This conclusion differs
from CLEO 1.5 which attributed (35± 15± 8)% of their B¯0 → D∗+π−π−π+ signal to non-
resonant B¯0 → D∗+π−ρ0 decays [9]. ARGUS also finds a significant non-a1 component in
this decay but does not quote a quantitative result [14].
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FIG. 14. Beam constrained mass distributions from CLEO II for: (a) B− → D∗∗0(2420)π−
where D∗∗0(2420) → D∗+π−, (b) B− → D∗∗0(2460)π− where D∗∗0(2460) → D∗+π−, (c)
B− → D∗∗0(2420)π−π0 where D∗∗0(2420) → D∗+π−, (d) B− → D∗∗0(2460)π−π0 where
D∗∗0(2460) → D∗+π−
C. Polarization in B → D∗+ρ− Decays
The sample of fully reconstructed B¯0 → D∗+ρ− decays from CLEO II has been used
to measure the D∗+ and ρ− polarizations. By comparing the measured polarizations in
B¯0 → D∗+ρ− with the expectation from the corresponding semileptonic B decay a test of
the factorization hypothesis can be performed (see Sec. IXB). The polarization is obtained
from the distributions of the helicity angles Θρ and ΘD∗ . The D
∗+ helicity angle, ΘD∗ , is
the angle between the D0 direction in the D∗+ rest frame and the D∗+ direction in the rest
frame of the B meson. After integration over χ, the angle between the normals to the D∗+
and the ρ− decay planes, the helicity angle distribution can be expressed as:
d2Γ
d cosΘD∗d cosΘρ
∝ 1
4
sin2ΘD∗ sin
2Θρ(|H+1|2 + |H−1|2) + cos2ΘD∗ cos2Θρ|H0|2 (2)
The fraction of longitudinal polarization is defined by
ΓL
Γ
=
|H0|2
|H+1|2 + |H−1|2 + |H0|2 (3)
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FIG. 15. B meson decay diagrams with emission of c s¯ quarks: (a) external spectator and (b)
color suppressed.
If ΓL is large both theD
∗+ and the ρ− helicity angles will follow a cos2Θ distribution, whereas
a large transverse polarization, ΓT , gives a sin
2Θ distribution for both helicity angles.
To measure the polarization the helicity angle distributions in the B signal region are cor-
rected by subtracting the distributions from a properly scaled mass sideband. The resulting
helicity angle distributions, corrected for efficiency, are fitted to the functional form:
dΓ
d cosΘ
= N
[
cos2Θ +
1
2
ΓT
Γ
(1− 3 cos2Θ)
]
. (4)
This form is derived from the angular distribution given above. It is well behaved for large
longitudinal polarization. From the fit to the D∗+ helicity angle distribution, they find
ΓL/Γ = (88± 10)%, while a fit to the ρ helicity angle distribution gives ΓL/Γ = (91± 10)%.
The results of the fit are shown in Fig. 13(a) and (b). As a consistency check they have
verified that the D∗+ mesons in B¯0 → D∗+π− are completely longitudinally polarized, as
expected from angular momentum conservation (Fig. 13(c)).
The statistical errors can be reduced by taking advantage of the correlation between the
two helicity angles. An unbinned two dimensional likelihood fit to the joint (cosΘD∗ , cosΘρ)
distribution gives
(ΓL/Γ)B¯0→D∗+ρ− = 90± 7± 5% (5)
D. Measurements of D∗∗ Final States
In addition to the production of D and D∗ mesons, the charm quark and spectator
antiquark can hadronize as a D∗∗ meson. The D∗∗0(2460) has been observed experimentally
and identified as the JP = 2+ state, while the D∗∗0(2420) has been identified as the 1+ state.
These states have full widths of approximately 20 MeV. Two other states, a 0+ and another
1+ are predicted but have not yet been observed, presumably because of their large intrinsic
widths. There is evidence for D∗∗ production in semileptonic B decays [53], and D∗∗ mesons
have also been seen in hadronic decays. However, early experiments did not have sufficient
25
FIG. 16. The beam constrained mass distributions from ARGUS for: (a) the sum of
B¯0 → D−s D+, B¯0 → D−s D∗+, B¯0 → D∗−s D+, and B¯0 → D∗−s D∗+ and (b) the sum of B+ → D+s D¯0,
B+ → D+s D¯∗0, B+ → D∗+s D¯0, and B+ → D∗+s D¯∗0.
data to separate the two narrow D∗∗ states and hence reported branching ratios only for the
combination of the two (see results listed under B → D(∗)0J in Tables XVI – XIX).
In order to search for D∗∗ mesons from B decays the final states B− → D∗+π−π− and
B− → D∗+π−π−π0 are studied. These decay modes are not expected to occur via a spectator
diagram in which the c quark and the spectator antiquark form aD∗ rather than aD∗∗ meson.
The D∗+ is combined with a π− to form a D∗∗ candidate. If the D∗∗ candidate is within one
full width of the nominal mass of either a D∗∗0(2420) or a D∗∗0(2460), it is combined with
a π− or ρ− to form a B− candidate. CLEO II has also looked for D∗∗ production in the
channels B− → D+π−π− and B¯0 → D0π−π+. Since D∗∗0(2420) → Dπ is forbidden, only
the D∗∗0(2460) is searched for in the Dππ final state.
Fig. 14 shows candidate B mass distributions obtained by CLEO II for the four com-
binations of D∗∗0(2460) or D∗∗0(2420), and π− or ρ−. In the D∗∗0(2420)π− mode, there is
a significant signal of 8.5 events on a background of 1.5 events. In this channel CLEO II
quotes the branching ratio given in Table XVI, while for the other three channels, they give
upper limits. ARGUS has also found evidence for B → D∗∗(2420)π− using a partial recon-
struction technique in which they observe a fast and slow pion from the D∗∗ decay but do
not reconstruct the D0 meson [52].
E. Exclusive Decays to D and Ds Mesons
Another important class of modes are decays to two charmed mesons. As shown in Fig.
15 (a) the production of an isolated pair of charmed mesons (D(∗)s and D
(∗)) proceeds through
a Cabibbo favored spectator diagram in which the sc pair from the virtual W− hadronizes
into a D−s or a D
∗−
s meson and the remaining spectator quark and the c quark form a D
(∗)
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FIG. 17. Beam-constrained mass from CLEO II for: (a) B− → ψK−, (b) B¯0 → ψK¯0, (c)
B− → ψK¯∗−, and (d) B¯0 → ψK∗0.
meson. These modes have been observed by the CLEO 1.5 [54] and ARGUS [21] experiments.
The decay channels listed in Table XII are used to form Ds meson candidates. B mesons are
then reconstructed in eight decay modes: D−s D
+, D−s D
0, D∗−s D
+, D∗−s D
0, D−s D
∗+, D−s D
∗0,
D∗−s D
∗+, and D∗−s D
∗0. The results of the ARGUS experiment are shown in Fig. 16.
Improvements in the size of the signals for these modes are expected from CLEO II
which has measured additional Ds modes with neutrals (e.g. Ds → ηπ, ηρ) [55]. Partial
reconstruction techniques are also being investigated for B → D∗D∗s .
VI. COLOR SUPPRESSED B DECAY
A. Exclusive B Decays to Charmonium
In B decays to charmonium the c quark from the b combines with a c¯ quark from the
virtual W− to form a charmonium state. This process is described by the color suppressed
diagram shown in Fig. 15(b). By comparing B meson decays to different final states with
charmonium mesons the dynamics of this decay mechanism can be investigated.
The decay modes B¯0 → ψK0 and B¯0 → ψ′K0 are of special interest since the final states
are CP eigenstates. These decays are of great importance for the investigation of one of the
three CP violating angles accessible to study in B decays. It is also possible to use the decay
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FIG. 18. Beam-constrained mass from CLEO II for: (a) B− → ψ′K−, (b) B¯0 → ψ′K¯0, (c)
B− → ψ′K¯∗−, and (d) B¯0 → ψ′K∗0.
B¯0 → ψK∗0, K∗0 → K0π0 which has a somewhat higher branching ratio, but this final state
consists of a mixture of CP eigenstates. It has even CP if the orbital angular momentum
L is 0 or 2 and odd CP for L=1. If both CP states are present the CP asymmetry will
be diluted. A measurement of CP violation in this channel is only possible if one of the
CP states dominates, or if a detailed moments analysis of the various decay components is
performed [56]. Recent measurements of the polarization in the decay B¯0 → ψK¯∗0 allow us
to determine the fractions of the two CP states.
B meson candidates are formed by combining a charmonium and a strange meson can-
didate. CLEO 1.5 and ARGUS have observed signals for some of these modes. Using the
procedures outlined in Sec. IV the beam constrained mass distributions shown in Fig. 17 and
Fig. 18 are obtained by CLEO II. The branching ratios are listed in Tables XVI and XVII .
Recently, CDF has reported signals for B → ψK∗0 and B → ψK− (see Fig. 21).
The ratio of vector to pseudoscalar meson production
B(B → ψK∗)
B(B → ψK) = 1.64± 0.34. (6)
can be calculated using factorization and the ratio of the B → K∗ and B → K form factors.
However, it is not certain that factorization is a good approximation for the color suppressed
diagram. The revised BSW model [57] predicts a value of 1.61 for this ratio, which is close
to the experimental value. Another test is the ratio
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TABLE XII. Ds decay channels used to reconstruct B → DDs decays.
ARGUS [21] CLEO 1.5 [54]
D+s → φπ+ D+s → φπ+
D+s → φπ+π0
D+s → φπ+π+π−
D+s → KsK+ D+s → KsK+
D+s → KsK∗+
D+s → K¯∗0K+ D+s → K¯∗0K+
D+s → K∗0K¯∗+ D+s → K¯∗0K∗+
D+s → η′π+
TABLE XIII. Upper limits (90% C.L) on color suppressed B decays.
Decay Mode Events U. L. (%)
B¯0 → D0π0 < 20.7 < 0.048
B¯0 → D0ρ0 < 19.0 < 0.055
B¯0 → D0η < 9.5 < 0.068
B¯0 → D0η′ < 3.5 < 0.086
B¯0 → D0ω < 12.7 < 0.063
B¯0 → D∗0π0 < 11.0 < 0.097
B¯0 → D∗0ρ0 < 8.1 < 0.117
B¯0 → D∗0η < 2.3 < 0.069
B¯0 → D∗0η′ < 2.3 < 0.27
B¯0 → D∗0ω < 9.0 < 0.21
B(B → ψ′K∗)
B(B → ψ′K) = 1.9± 1.1. (7)
This can be compared to the revised BSW model which predicts 1.85 for this ratio. Evidence
for the decay mode B → χcK has been reported by CLEO II and ARGUS. The average
branching fraction is B(B− → χcK−) = (0.133± 0.065)%.
B. Polarization in B → ψK∗
The polarization inB → ψK∗ is studied using the methods described for the B¯0 → D∗+ρ−
polarization measurement in Section VC. After integration over the azimuthal angle between
the ψ and the K∗ decay planes, the angular distribution in B → ψK∗ decays can be written
as
d2Γ
d cosΘψd cosΘK∗
∝ 1
4
sin2ΘK∗(1 + cos
2Θψ)(|H+1|2 + |H−1|2) + cos2ΘK∗ sin2Θψ|H0|2, (8)
where the K∗ helicity angle ΘK∗ is the angle between the kaon direction in the K
∗ rest frame
and the K∗ direction in the B rest frame and Θψ is the corresponding ψ helicity angle, and
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FIG. 19. Distributions of the efficiency corrected ψ and K∗ helicity angles in B → ψK∗ decays
from CLEO II. The overlaid smooth curves are projections of the unbinned maximum likelihood
fit described in the text.
H±1,0 are the helicity amplitudes. The fraction of longitudinal polarization in B → ψK∗ is
determined by an unbinned fit to the ψ and K∗ helicity angle distributions. CLEO II finds
(
ΓL
Γ
)
B→ψK∗
= 0.84± 0.06± 0.08 (9)
The efficiency corrected distributions in each of the helicity angles cosΘψ and cosΘK∗ are
shown in Fig. 19.
ARGUS has also determined the polarization in B → ψK∗ decays and found that their
data are consistent with 100% longitudinal polarization [39]. They find ΓL/Γ > 78% (90%
C.L.). These results can be compared to the theoretical predictions of Kra¨mer and Palmer
[58] which again depend on the assumption of factorization and on the unmeasured B → K∗
form factor. Using the BSW model to estimate the form factor, they find ΓL/Γ = 0.57.
Using HQET to extrapolate from the E691 measurements of the D → K∗ form factor, they
obtain ΓL/Γ = 0.73.
Although the decay modeB → ψK∗ may not be completely polarized, it is still dominated
by a single CP eigenstate. This mode will therefore be useful for measurements of CP
violation.
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FIG. 20. Beam constrained mass distributions from CLEO II for (a) B− events and (b) B¯0
events.
C. Exclusive Decays to a D0(∗) and a Neutral Meson.
We now discuss searches for B decays which can occur via an internal W-emission graph
but which do not yield charmonium mesons in the final state. Naively, one expects that
these decays will be suppressed relative to decays which occur via the external W-emission
graph. For the internal graph, in the absence of gluons, the colors of the quarks from the
virtual W must match the colors of the c quark and the accompanying spectator antiquark.
In this simple picture, one expects that the suppression factor should be 1/18 for decays
involving π0, ρ0 and ω mesons [59]. In heavy quark decays the effects of gluons cannot be
neglected, and QCD based calculations [57] predict suppression factors of order 1/50. If
color suppressed B decay modes are not greatly suppressed then these modes could also be
useful for CP violation studies [60].
CLEO II has searched for color suppressed decay modes of B mesons which contain a
single D0 or D∗0 meson in the final state [61]. The relevant color suppressed modes are
listed in Table XIII. The decay channels used are η → γγ, ω → π+π−π0 and η′ → ηπ+π−,
followed by η → γγ [62]. For decays of a pseudoscalar meson into a final state containing a
pseudoscalar and a vector meson (V), a helicity angle cut of | cosΘV | > 0.4 is used [63]. No
signals were observed. Upper limits [64] on the branching ratios for color suppressed modes
are given in Table XIII. Upper limits on the ratios of color suppressed modes to normalization
modes are given in Table XIV. These limits show that there is color suppression of these B
decay modes.
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FIG. 21. (a) The ψK+ mass distribution from the CDF experiment (b) The ψK∗0 mass distri-
bution from the CDF experiment. The solid line indicates the fitted region.
VII. B MESON MASSES
A. Masses of the B¯0 and B− Mesons.
We now discuss measurements of the B¯0 and B− masses and the mass difference between
them. For these analyses only fully reconstructed B decays in modes with good signal to
background are used. As an example, CLEO II uses the modes B− → ψK−, B¯0 → ψK∗0,
B− → D0π−, B− → D0ρ−, B− → D∗0π−, B− → D∗0ρ−, B¯0 → D+π−, B¯0 → D+ρ−,
B¯0 → D∗+π−, and B¯0 → D∗+ρ−. With tight cuts, there are 362 B− and 340 B0 candidates
reconstructed. The MB distributions for the sum of these modes are shown in Fig. 20.
The absolute values of the B− and B¯0 masses are limited in accuracy by the knowledge
of the beam energy. A correction of (-1.1±0.5) MeV is made for initial state radiation as
described in Ref. [65]. The systematic error from the uncertainty in the absolute value of
the CESR/DORIS energy scale is determined by calibrating to the known Υ(1S) mass. The
mass difference is determined more accurately than the masses themselves, because the beam
energy uncertainty cancels, as do many systematic errors associated with the measurement
errors on the charged tracks and neutral pions. There are several models which predict the
isospin mass difference [66], which give values between 1.2 and 2.3 MeV which are larger
than the experimental results given in Table XV. However, papers by Goity and Hou and
by Lebed [67] discuss models that can lead to small values of the mass difference. That the
B¯0 − B− mass difference is much smaller than the corresponding mass differences in the K
and D mesons is somewhat surprising.
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FIG. 22. (a) The ψK+K− mass distribution from the CDF experiment for K+K− mass within
10 MeV/c2 of the φ mass (solid) and for the normalized φ sideband region (b) The K+K− mass
distribution for ψK+K− combinations within 20 MeV/c2 of 5380 MeV/c2.
B. Measurement of the Bs Mass
First evidence for exclusive Bs decays has recently been reported by the CDF [68], OPAL
[69] and ALEPH collaborations [70] . CDF observes a signal of 14.0 ± 4.7 events in the
Bs → ψφ mode (see Fig. 22) and determines the Bs mass to be 5383.3 ± 4.5 ± 5.0 MeV.
ALEPH finds two unambiguous Bs events in the Bs → D−s π+ and Bs → ψ′φ modes and
obtains a mass of 5368.6 ± 5.6 ± 1.5 MeV. OPAL finds one Bs candidate in the ψφ mode
with a mass of 5360± 70 MeV. By reconstructing exclusive B− and B¯0 decays (see Fig. 21),
the high energy experiments calibrate their Bs measurements relative to the known B
− and
B¯0 masses. The three Bs mass measurements are consistent with each other and with a
non-relativistic quark model prediction of a mass in the range 5345− 5388 MeV [71]. In the
near future, the Bs mass will be measured more precisely, and it is expected that exclusive
Λb decays will also be reconstructed.
VIII. THEORETICAL INTERPRETATION OF HADRONIC B DECAY
A. Introduction
The simple spectator diagram for two-body hadronic B meson decays that occur through
the Cabibbo favored b→ c transition is described by the Hamiltonian [72]:
H =
GF√
2
Vcb
{[
(d¯u) + (s¯c)
]
(c¯b)
}
(10)
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TABLE XIV. Upper limits on ratios of branching fractions for color suppressed to normalization
modes.
Ratio of Branching Ratios CLEO II (90% C.L.)
B(B¯0 → D0π0)/B(B− → D0π−) < 0.09
B(B¯0 → D0ρ0)/B(B− → D0ρ−) < 0.05
B(B¯0 → D0η)/B(B− → D0π−) < 0.12
B(B¯0 → D0η′)/B(B− → D0π−) < 0.16
B(B¯0 → D0ω)/B(B− → D0ρ−) < 0.05
B(B¯0 → D∗0π0)/B(B− → D∗0π−) < 0.20
B(B¯0 → D∗0ρ0)/B(B− → D∗0ρ−) < 0.07
B(B¯0 → D∗0η)/B(B− → D∗0π−) < 0.14
B(B¯0 → D∗0η′)/B(B− → D∗0π−) < 0.54
B(B¯0 → D∗0ω)/B(B− → D∗0ρ−) < 0.09
TABLE XV. Measurements of the B¯0 and B− Masses [MeV].
Experiment MB¯0 MB− MB¯0 −MB−
ARGUS 5279.6 ± 0.7± 2.0 5280.5 ± 1.0± 2.0 −0.9± 1.2± 0.5
CLEO 87 5278.0 ± 0.4± 2.0 5278.3 ± 0.4± 2.0 −0.4± 0.6± 0.5
CLEO 93 5279.2 ± 0.2± 2.0 5278.8 ± 0.2± 2.0 0.41 ± 0.25± 0.19
Average 5278.9 ± 0.2± 2.0 5278.7 ± 0.2± 2.0 0.2± 0.3
where (q¯iqj) = q¯iγµ(1−γ5)qj , GF is the Fermi coupling constant, and Vcb is the CKM matrix
element.
The spectator diagram is modified by hard gluon exchange between the initial and final
quark lines. The effect of these exchanges can be taken into account by use of the renormal-
ization group, with the result that an additional term is added to the Hamiltonian, which
now contains two pieces, the original term multiplied by a coefficient c1(µ), and an additional
term multiplied by c2(µ):
Heff =
GF√
2
Vcb
{
c1(µ)
[
(d¯u) + (s¯c)
]
(c¯b) + c2(µ)
[
(c¯u)(d¯b) + (c¯c)(s¯b)
]}
(11)
The ci are Wilson coefficients that can be calculated from QCD. However, the calculation is
inherently uncertain because it is unclear at what mass scale, µ, these coefficients should be
evaluated. The usual scale is taken to be µ ∼ m2b . Defining
c±(µ) = c1(µ)± c2(µ) (12)
the leading-log approximation gives [57]
c±(µ) =
(
αs(M
2
W )
αs(µ)
) −6γ±
(33− 2nf ) (13)
where γ− = −2γ+ = 2, and nf is the number of active flavors, which is usually taken to be
five in this case.
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TABLE XVI. B− Branching fractions [%]
Mode ARGUS CLEO 1.5 CLEO II
B− → D0π− 0.22 ± 0.09 ± 0.06 ± 0.01 0.56 ± 0.08 ± 0.05 ± 0.02 0.55 ± 0.04 ± 0.05± 0.02
B− → D0ρ− 1.45 ± 0.45 ± 0.41 ± 0.06 1.35 ± 0.12 ± 0.14± 0.04
B− → D0π+π−π− 1.24 ± 0.31 ± 0.14 ± 0.05
B− → D∗0π− 0.39 ± 0.14 ± 0.10 ± 0.02 0.99 ± 0.25 ± 0.17 ± 0.04 0.52 ± 0.07 ± 0.07± 0.03
B− → D∗0ρ− 0.96 ± 0.58 ± 0.36 ± 0.04 1.68 ± 0.21 ± 0.27± 0.07
B− → D(∗)0J π− 0.13 ± 0.07 ± 0.03 ± 0.01 0.13 ± 0.07 ± 0.01 ± 0.01
B− → D∗+π−π−π0 1.68 ± 0.65 ± 0.38 ± 0.07
B− → D(∗)0J ρ− 0.33 ± 0.20 ± 0.08 ± 0.01
B− → D∗0π−π−π+ 0.94 ± 0.20 ± 0.17± 0.02
B− → D∗0a−1 1.88 ± 0.40 ± 0.34± 0.04
B− → D+π−π− < 0.14 (90% C.L.)
B− → D∗+π−π− 0.24 ± 0.13 ± 0.05 ± 0.01 < 0.37 (90% C.L.) 0.19 ± 0.07 ± 0.03± 0.01
B− → D∗∗0(2420)π− 0.30 ± 0.08 ± 0.06 ± 0.01 0.11 ± 0.05 ± 0.02± 0.01
B− → D∗∗0(2420)ρ− < 0.14 (90% C.L.)
B− → D∗∗0(2460)π− < 0.13 (90% C.L.)
B− → D∗∗0(2460)ρ− < 0.47 (90% C.L.)
B− → D0D−s 1.65 ± 0.82 ± 0.42 ± 0.07 1.66 ± 0.70 ± 0.71 ± 0.07
B− → D0D∗−s 1.10 ± 0.82 ± 0.30 ± 0.04
B− → D∗0D−s 0.77 ± 0.53 ± 0.18 ± 0.03
B− → D∗0D∗−s 1.84 ± 0.95 ± 0.44 ± 0.07
B− → ψK− 0.08 ± 0.04 ± 0.01 0.09 ± 0.02 ± 0.02 0.11 ± 0.01 ± 0.01
B− → ψ′K− 0.20 ± 0.09 ± 0.04 < 0.05 (90% C.L.) 0.06 ± 0.02 ± 0.01
B− → ψK∗− 0.19 ± 0.13 ± 0.03 0.15 ± 0.11 ± 0.03 0.18 ± 0.05 ± 0.02
B− → ψ′K∗− < 0.53 (90% C.L.) < 0.38 (90% C.L.) < 0.30 (90% C.L.)
B− → ψK−π+π− < 0.19 (90% C.L.) 0.14 ± 0.07 ± 0.03
B− → ψ′K−π+π− 0.21 ± 0.12 ± 0.04
B− → χc1K− 0.22 ± 0.15 ± 0.07 0.10 ± 0.04 ± 0.01
B− → χc1K∗− < 0.21 (90% C.L.)
The additional term in the Hamiltonian in Eq. (11) corresponds to the “color suppressed”
diagram. The quark pairings in this diagram are different from those in the spectator di-
agram, and lead to the decay modes discussed in section VI. From the observation of the
B → ψXs decays, where Xs is a strange meson, the magnitude of the color-suppressed term
can be deduced. In B− decays, both spectator and color-suppressed diagrams are present
and can interfere. By comparing the rates for B− and B¯0 decays, both the size and the
relative sign of the color suppressed term can be determined (see Sec. XB).
For comparisons between theoretical models and data we will use a standard set of
values for the couplings, Vcb = 0.041 and Vub/Vcb = 0.075, and for the B meson lifetime,
τB = 1.44± 0.04 ps [73].
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TABLE XVII. B¯0 Branching fractions in [%]
Mode ARGUS CLEO 1.5 CLEO II
B¯0 → D+π− 0.48 ± 0.11 ± 0.08 ± 0.07 0.27 ± 0.06 ± 0.03 ± 0.04 0.29 ± 0.04 ± 0.03± 0.05
B¯0 → D+ρ− 0.90 ± 0.50 ± 0.27 ± 0.14 0.81 ± 0.11 ± 0.12± 0.13
B¯0 → D+π−π−π+ 0.80 ± 0.21 ± 0.09 ± 0.12
B¯0 → D∗+π− 0.26 ± 0.08 ± 0.04 ± 0.01 0.44 ± 0.11 ± 0.05 ± 0.02 0.26 ± 0.03 ± 0.04± 0.01
B¯0 → D∗+ρ− 0.65 ± 0.28 ± 0.26 ± 0.03 2.11 ± 0.89 ± 1.23 ± 0.08 0.74 ± 0.10 ± 0.14± 0.02
B¯0 → D∗+π−π−π+ 1.12 ± 0.28 ± 0.33 ± 0.04 1.76 ± 0.31 ± 0.29 ± 0.07 0.63 ± 0.10 ± 0.11± 0.02
B¯0 → D∗+a−1 1.26 ± 0.20 ± 0.22± 0.03
B¯0 → D0π+π− < 0.16 (90% C.L.)
B¯0 → D∗∗+(2460)π− < 0.22 (90% C.L.)
B¯0 → D∗∗+(2460)ρ− < 0.49 (90% C.L.)
B¯0 → D+D−s 1.09 ± 0.83 ± 0.44 ± 0.16 0.58 ± 0.33 ± 0.24 ± 0.09
B¯0 → D+D∗−s 1.73 ± 1.09 ± 0.67 ± 0.26
B¯0 → D∗+D−s 0.80 ± 0.57 ± 0.22 ± 0.03 1.17 ± 0.66 ± 0.52 ± 0.05
B¯0 → D∗+D∗−s 1.49 ± 0.80 ± 0.43 ± 0.06
B¯0 → ψK0 0.09 ± 0.07 ± 0.02 0.07 ± 0.04 ± 0.02 0.08 ± 0.02 ± 0.01
B¯0 → ψ′K0 < 0.31 (90% C.L.) < 0.16 (90% C.L.) < 0.08 (90% C.L.)
B¯0 → ψK¯∗0 0.13 ± 0.06 ± 0.02 0.13 ± 0.06 ± 0.03 0.17 ± 0.03 ± 0.02
B¯0 → ψ′K¯∗0 < 0.25 (90% C.L.) 0.15 ± 0.09 ± 0.03 < 0.19 (90% C.L.)
B¯0 → ψK−π+ 0.12 ± 0.05 ± 0.03
B¯0 → ψ′K−π+ < 0.11 (90% C.L.)
B¯0 → χc1K0 < 0.27 (90% C.L.)
B¯0 → χc1K¯∗0 < 0.21 (90% C.L.)
B. Factorization
Factorization is the assumption that two body hadronic decays of B mesons can be
expressed as the product of two independent hadronic currents, one describing the formation
of a meson from the converted b quark and the light spectator quark, and the other describing
the production of a meson by the hadronization of the virtual W−. This description is
expected to be valid for the external spectator decays where the large energy carried by the
W− causes the products of the W− to be well separated from the spectator quark system
[5], [74]. It has also been used to calculate color-suppressed and penguin diagrams, although
it is not known whether factorization is a correct assumption for these diagrams.
There are number of tests of the factorization hypothesis that can be made by comparing
rates and polarizations for semileptonic and hadronic B decays. These will be discussed in
section IX. If factorization holds, then measurements of hadronic B decays can be compared
to the theoretical models, and used to extract fundamental parameters of the Standard
Model. For instance the CKM matrix element Vub could be obtained from B¯0 → π+π− or
B¯0 → D−s π+, and the decay constant fDs could be determined from B¯0 → D−s D∗+.
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TABLE XVIII. World average B− branching fractions [%]
Mode Branching Fraction
B− → D0π− 0.49 ± 0.05 ± 0.02
B− → D0ρ− 1.36 ± 0.18 ± 0.05
B− → D0π+π−π− 1.24 ± 0.34 ± 0.05
B− → D∗0π− 0.52 ± 0.08 ± 0.02
B− → D∗0ρ− 1.54 ± 0.31 ± 0.06
B− → D(∗)0J π− 0.13 ± 0.05 ± 0.01
B− → D∗+π−π−π0 1.68 ± 0.76 ± 0.07
B− → D(∗)0J ρ− 0.33 ± 0.21 ± 0.01
B− → D∗0π−π−π+ 0.94 ± 0.26 ± 0.04
B− → D∗0a−1 1.88 ± 0.52 ± 0.08
B− → D+π−π− < 0.14 (90% C.L.)
B− → D∗+π−π− 0.20 ± 0.07 ± 0.01
B− → D∗∗0(2420)π− 0.16 ± 0.05 ± 0.01
B− → D∗∗0(2420)ρ− < 0.14 (90% C.L.)
B− → D∗∗0(2460)π− < 0.13 (90% C.L.)
B− → D∗∗0(2460)ρ− < 0.47 (90% C.L.)
B− → D0D−s 1.65 ± 0.68 ± 0.07
B− → D0D∗−s 1.10 ± 0.88 ± 0.04
B− → D∗0D−s 0.77 ± 0.56 ± 0.03
B− → D∗0D∗−s 1.84 ± 1.05
B− → ψK− 0.10 ± 0.01
B− → ψ′K− 0.07 ± 0.02
B− → ψK∗− 0.17 ± 0.05
B− → ψ′K∗− < 0.53 (90% C.L.)
B− → ψK−π+π− 0.14 ± 0.08
B− → ψ′K−π+π− 0.21 ± 0.13
B− → χc1K− 0.10 ± 0.04
B− → χc1K∗− < 0.21 (90% C.L.)
C. Phenomenological Models of Hadronic B Decay
Several groups have developed models of hadronic B decays based on the factorization
approach. To compute rates for all hadronic B decays the magnitude and sign of the color
amplitude must also be known. It is difficult to calculate this amplitude from first principles
in QCD. Instead a phenomenological approach was adopted by Bauer, Stech and Wirbel
[75], in which two undetermined coefficients were assigned to the effective charged current,
a1, and the effective neutral current, a2, parts of the B decay Hamiltonian. In reference
[75] these coefficients were determined from a fit to a subset of the experimental data on
charm decays. The values of a1 and a2 can be related to the QCD coefficients c1 and c2 by
a1 = c1 + ξc2 and a2 = c2 + ξc1 where ξ = 1/Ncolor. The values a1 = 1.26 and a2 = −0.51
that give the best fit to the experimental data on charm decay correspond to 1/Ncolor ∼ 0
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TABLE XIX. World average B¯0 branching fractions [%]
Mode Branching Fraction
B¯0 → D+π− 0.30 ± 0.04 ± 0.04
B¯0 → D+ρ− 0.82 ± 0.16 ± 0.12
B¯0 → D+π−π−π+ 0.80 ± 0.23 ± 0.12
B¯0 → D∗+π− 0.28 ± 0.04 ± 0.01
B¯0 → D∗+ρ− 0.74 ± 0.16 ± 0.03
B¯0 → D∗+π−π−π+ 0.79 ± 0.13 ± 0.03
B¯0 → D∗+a−1 1.26 ± 0.30 ± 0.05
B¯0 → D0π+π− < 0.16 (90% C.L.)
B¯0 → D∗∗+(2460)π− < 0.22 (90% C.L.)
B¯0 → D∗∗+(2460)ρ− < 0.49 (90% C.L.)
B¯0 → D+D−s 0.66 ± 0.38 ± 0.10
B¯0 → D+D∗−s 1.73 ± 1.28 ± 0.26
B¯0 → D∗+D−s 0.93 ± 0.50 ± 0.04
B¯0 → D∗+D∗−s 1.49 ± 0.91 ± 0.06
B¯0 → ψK0 0.08 ± 0.02
B¯0 → ψ′K0 < 0.31 (90% C.L.)
B¯0 → ψK¯∗0 0.15 ± 0.03
B¯0 → ψ′K¯∗0 0.15 ± 0.09
B¯0 → ψK−π+ 0.12 ± 0.06
B¯0 → ψ′K−π+ < 0.11 (90% C.L.)
B¯0 → χc1K0 < 0.27 (90% C.L.)
B¯0 → χc1K¯∗0 < 0.21 (90% C.L.)
[57]. However, there is no rigorous theoretical justification for this choice of Ncolor [76]. In
section XB we will discuss the determination of the values of a1 and a2 from a fit to the B
meson decay data.
D. Heavy Quark Effective Theory
It has recently been appreciated that there is a symmetry of QCD that is useful in
understanding systems containing one heavy quark. This symmetry arises when the quark
becomes sufficiently heavy to make its mass irrelevant to the nonperturbative dynamics of
the light quarks. This allows the heavy quark degrees of freedom to be treated in isolation
from the the light quark degrees of freedom. Heavy quark effective theory (HQET) has been
developed by Isgur and Wise [77] who define a single universal form factor, ξ(v.v
′
), known
as the Isgur-Wise function. In this function v and v
′
are the four velocities of the initial and
final state heavy quarks. In the heavy quark limit all the form factors for hadronic matrix
elements such as B → D∗ and B → D can be related to this single function. The value of
this function can then be determined from a measurement of the D∗lν rate as a function of
q2 [77].
The evaluation of amplitudes for hadronic decays requires not only the assumption of
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factorization, but also the input of hadronic form factors and meson decay constants. As
a result of the development of HQET it is now believed that many of the hadronic form
factors for b→ c transitions can be calculated quite well in an essentially model-independent
way. This has been done by several groups [57], [78]. The comparison of these theoretical
predictions with the experimental results can be used to test the range of validity of HQET,
and the extent to which 1/MQ corrections to the heavy quark symmetry are needed.
IX. TESTS OF THE FACTORIZATION HYPOTHESIS
A. Branching Ratio Tests
The large samples of reconstructed hadronic B decays have made possible the precise
measurements of branching ratios discussed in section V. As an example of the use of these
results to test the factorization hypothesis we will consider the specific case of B¯0 → D∗+π−.
The amplitude for this reaction is
A =
GF√
2
VcbV
∗
ud〈π−|(d¯u)|0〉〈D∗+|(c¯b)|B¯0〉. (14)
The Vud CKM factor arises from the W
− → u¯d vertex. The first hadron current that creates
the π− from the vacuum is related to the pion decay constant, fπ, by:
〈π−(p)|(d¯u)|0〉 = −ifπpµ. (15)
The other hadron current can be found from the semileptonic decay B¯0 → D∗+ℓ−ν¯ℓ. Here
the amplitude is the product of a lepton current and the hadron current that we seek to insert
in Eq. (14). Factorization can be tested experimentally by verifying whether the relation
Γ
(
B¯0 → D∗+π−
)
dΓ
dq2
(
B¯0 → D∗+ℓ−ν¯l
)∣∣∣∣
q2=m2pi
= 6π2c21f
2
π |Vud|2, (16)
is satisfied. Here q2 is the four momentum transfer from the B meson to the D∗ meson.
Since q2 is also the mass of the lepton-neutrino system, by setting q2 = m2π = 0.019 GeV
2
we are simply requiring that the lepton-neutrino system has the same kinematic properties
as does the pion in the hadronic decay. Vud and fπ have well measured values of 0.975 and
131.7 MeV respectively. For the coefficient c1 we will use the value 1.12± 0.1 deduced from
perturbative QCD [79]. The error in c1 reflects the uncertainty in the mass scale at which
the coefficient c1 should be evaluated. In the original test of equation (16), Bortoletto and
Stone [80] found that the equation was satisfied for c1=1. In the following discussion we will
denote the left hand side of Eq. (16) by RExp and the right hand side by RTheo.
This type of factorization test can be extended to larger q2 values by using other B¯0 →
D∗+X− decays, e.g. X− = ρ− or a−1 . For the ρ
− case Eq. (16) becomes:
R =
Γ(B¯0 → D∗+ρ−)
dΓ
dq2
(B → D∗l ν)|q2=m2ρ
= 6π2c21f
2
ρ |Vud|2 (17)
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where the semileptonic decay is evaluated at q2 = m2ρ = 0.60 GeV
2. The decay constant
on the right hand side of this equation can be determined from e+e− → ρ0 which gives
fρ = 215 ± 4 MeV. 1 For the factorization test with B¯0 → D∗+a−1 we use fa1 = 205 ± 16
MeV [83] determined from τ decay. To derive numerical predictions for branching ratios, we
must interpolate the observed differential q2 distribution [84] for B → D∗ℓ ν to q2 = m2π, m2ρ,
and m2a1 , respectively. Until this distribution is measured more precisely we use theoretical
models to perform this interpolation. The results from three models are given in Table XX.
The differences between the models for B → D∗ℓ ν is small (See Fig. 23). Using the
FIG. 23. The q2 distribution for the decay B¯0 → D∗+ℓ−ν¯ℓ. This is a weighted average from
CLEO and ARGUS data. The curves are fits using various models of semileptonic decays (from
Ref. [80]).
extrapolation of the q2 spectrum [85] from the WSB model as the central value, we obtain
from Eqs. (16) and (17) the results given in Table XXI. Some of the systematic uncertainties
in RExp cancel if we form ratios of branching fractions, as does the QCD coefficient c1 in
RTheo. Thus in the case of D
∗+ρ−/D∗+π−, the expectation from factorization is given by
RTheo(ρ)/RTheo(π) times the ratio of the semileptonic branching ratios evaluated at the
appropriate q2 values. In Table XXII we show the comparison between the measured ratios
and two theoretical predictions by Reader and Isgur [83], and the revised BSW model [57].
At the present level of precision, there is good agreement between the experimental results
1A second method uses the relation Γ(τ− → νρ−) = 0.804G2F16π |V 2ud|M3τ f2ρ , where the ρ width has
been taken into account [81]. This gives fρ = 212.0 ± 5.3 MeV [82].
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TABLE XX. Ingredients for Factorization Tests.
|c1| 1.12 ± 0.1
fπ 131.74 ± 0.15 MeV
fρ 215± 4 MeV
fa1 205 ± 16 MeV
Vud 0.975 ± 0.001
dB
dq2
(B → D∗l ν)|q2=m2pi(WSB) 0.0023 GeV−2
dB
dq2
(B → D∗l ν)|q2=m2pi (ISGW ) 0.0020 GeV−2
dB
dq2
(B → D∗l ν)|q2=m2pi (KS) 0.0024 GeV−2
dB
dq2
(B → D∗l ν)|q2=m2ρ(WSB) 0.0025 GeV−2
dB
dq2
(B → D∗l ν)|q2=m2ρ(ISGW ) 0.0024 GeV−2
dB
dq2
(B → D∗l ν)|q2=m2ρ(KS) 0.0027 GeV−2
dB
dq2
(B → D∗l ν)|q2=m2a1 (WSB) 0.0032 GeV
−2
dB
dq2
(B → D∗l ν)|q2=m2a1 (ISGW ) 0.0030 GeV
−2
dB
dq2
(B → D∗l ν)|q2=m2a1 (KS) 0.0033 GeV
−2
TABLE XXI. Comparison of RExp and RTheo
RExp (GeV
2) RTheo (GeV
2)
B¯0 → D∗+π− 1.22 ± 0.18 1.22 ± 0.17
B¯0 → D∗+ρ− 2.96 ± 0.65 3.26 ± 0.46
B¯0 → D∗+a−1 3.9± 0.9 3.0± 0.50
TABLE XXII. Ratios of B decay widths.
Exp. Factorization RI Model BSW Model
B(B¯0 → D∗+ρ−)/B(B¯0 → D∗+π−) 2.64± 0.68 2.90 ± 0.26 2.2 – 2.3 2.8
B(B¯0 → D∗+a−1 )/B(B¯0 → D∗+π−) 4.5± 1.2 3.4± 0.27 2.0 – 2.1 3.4
and the expectation from factorization for the q2 range 0 < q2 < m2a1 . Note that it is possible
that factorization will be a poorer approximation for decays will smaller energy release or
larger q2. Factorization tests can be extended to higher q2 using B → D∗D(∗)s decays as will
be discussed in section IXD .
B. Factorization and Angular Correlations
More subtle tests of the factorization hypothesis can be performed by examining the
polarization in B meson decays into two vector mesons, as suggested by Ko¨rner and Goldstein
[86]. Again, the underlying principle is to compare the hadronic decays to the appropriate
semileptonic decays evaluated at a fixed value in q2. For instance, the ratio of longitudinal
to transverse polarization (ΓL/ΓT ) in B¯0 → D∗+ρ− should be equal to the corresponding
ratio for B → D∗ℓν evaluated at q2 = mρ2 = 0.6 GeV2.
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ΓL
ΓT
(B¯0 → D∗+ρ−) = ΓL
ΓT
(B → D∗ℓν)|q2=m2ρ (18)
The advantage of this method is that it is not affected by QCD corrections [87].
For B → D∗ℓν decay, longitudinal polarization dominates at low q2, whereas near
q2 = q2max transverse polarization dominates. There is a simple physical argument for the
behaviour of the form factors near these two kinematic limits. Near q2 = q2max, the D
∗ is al-
most at rest and its small velocity is uncorrelated with the D∗ spin, so all three D∗ helicities
are equally likely and we expect ΓT/ΓL = 2. At q
2 = 0, the D∗ has the maximum possible
momentum, while the lepton and neutrino are collinear and travel in the direction opposite
to the D∗. The lepton and neutrino helicities are aligned to give Sz = 0, so near q
2 = 0
longitudinal polarization is dominant.
For B¯0 → D∗+ρ−, we expect 88% longitudinal polarization from the argument described
above [88]. Similar results have been obtained by Neubert [89] and Kramer et al. [90] .
FIG. 24. The differential branching ratio for B¯0 → D∗+ℓν¯ℓ. The curves show the theoreti-
cal prediction for producing transversely (dashed) and longitudinally (dash-dotted) polarized D∗
mesons, as well as the total decay rate (solid) (from Ref. [89]).
Fig. 24 shows the prediction of Neubert for transverse and longitudinal polarization in B →
D∗ℓν decays. Using this figure we find ΓL/Γ to be 85% at q
2 = mρ
2 = 0.6. The agreement
between these predictions and the experimental result (Sec. VC)
ΓL/Γ = 90± 7± 5% (19)
supports the factorization hypothesis in hadronic B meson decay for q2 values up to m2ρ.
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C. Tests of Spin Symmetry in HQET
In HQET the effect of the heavy quark magnetic moment does not enter to lowest order
[91], and the assumption of factorization leads to the following predictions based on the spin
symmetry of HQET:
Γ(B¯0 → D+π−) = Γ(B¯0 → D∗+π−) (20)
and
Γ(B¯0 → D+ρ−) = Γ(B¯0 → D∗+ρ−). (21)
After correcting for phase space and deviations from heavy quark symmetry it is predicted
that B(B¯0 → D+π−) = 1.03 B(B¯0 → D∗+π−) and B(B¯0 → D+ρ−) = 0.89 B(B¯0 → D∗+ρ−).
A separate calculation by Blok and Shifman using a QCD sum rule approach predicts that
B(B¯0 → D+π−) = 1.2B(B¯0 → D∗+π−). This differs from the HQET prediction due to the
presence of non-factorizable contributions [92].
From the experimental data we find
B(B¯0 → D+π−)
B(B¯0 → D∗+π−) = 1.07± 0.21± 0.14 (22)
and
B(B¯0 → D+ρ−)
B(B¯0 → D∗+ρ−) = 1.11± 0.32± 0.16 (23)
The second error bar is due to the uncertainty in the D branching fractions. The two ratios of
branching fractions are consistent with the expectations from HQET spin symmetry and with
the prediction from Blok and Shifman that includes nonfactorizable contributions. Similar
tests will be possible using the modes B → D(∗)D(∗)s once more precise measurements of the
branching ratios are available.
Mannel et al. [91] observe that by using a combination of HQET, factorization, and data
on B → D∗ℓν, they can obtain model dependent predictions for B(B¯0 → D+ρ−)/B(B¯0 →
D+π−). Using three parameterizations of the universal Isgur-Wise form factor [93], they
predict this ratio to be 3.05, 2.52, or 2.61. From the measurements of the branching ratios
we obtain
B(B¯0 → D+ρ−)
B(B¯0 → D+π−) = 2.7± 0.6 (24)
The systematic errors from the D branching fractions cancel in this ratio. Again we find
good agreement with the prediction from HQET combined with factorization.
D. Applications of Factorization
If factorization holds, hadronic B decays can be used to extract information about
semileptonic decays. For example, we can determine the so far unmeasured rate B →
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D∗∗(2420)ℓν from the branching ratio of B → D∗∗(2420)π. By assuming that the rate for
B → D∗∗(2420)π is related to dΓ/dq2(B → D∗∗(2420)ℓν) evaluated at q2 = m2π. Using the
model of Colangelo et al. [78] to determine the shape of the form factors we obtain the ratio
Γ(B → D∗∗(2420)ℓν)
Γ(B → D∗∗(2420)π) = 3.2
Combining this result with the experimental value in Table XVIII we predict
B(D∗∗(2420)lν) = 0.51± 0.16%
A second application of factorization is the determination of fDs using the decays B →
D∗Ds. The rate for B¯0 → D∗+Ds is related to the differential rate for B¯0 → D∗+ℓ−ν at
q2 = m2Ds if factorization continues to be valid at larger values of q
2:
Γ
(
B¯0 → D∗+D−s
)
dΓ
dq2
(
B¯0 → D∗+ℓ−ν
)∣∣∣∣
q2=m2
Ds
= 6π2δc21f
2
Ds
|Vcs|2, (25)
The factor δ = 0.37 is required because the D∗ in the B → D∗Ds final state is fully polarized,
and should be compared with the rate of B → D∗ℓν at q2 = m2Ds in that polarization
state only. Using the above result and the average branching ratio for B(B → D∗+D−s ) =
0.9± 0.5%, we obtain
fDs = (288± 64)
√
3.7%/B(Ds → φπ+) MeV
This result can be compared to the value
fDs = (344± 37± 52)
√
B(Ds → φπ+)/3.7% MeV
that has recently been obtained from a direct measurement of Ds → µν decays in continuum
charm events [22]. Both these values of fDs are consistent with the theoretical predictions
which are in the range fDs = 200−290 MeV [94], [95], [96]. If both the Ds → φπ+ branching
ratio and fDs are measured more precisely, then measurements of the branching ratios of
B → D∗Ds decays can be used to test factorization in B decay at q2 = m2Ds. In the near
future, it will also be possible to test factorization in this q2 range by measuring ΓL/Γ in
B → D∗D∗s decays.
X. DETERMINATION OF THE COLOR SUPPRESSED AMPLITUDE
A. Color Suppression in B Decay
In the decays of charmed mesons the effect of color suppression is obscured by the effects
of final state interactions (FSI), and soft gluon effects which enhance W exchange diagrams.
Table XXIII gives ratios of several charmed meson decay modes with approximately equal
phase space factors where the mode in the numerator is color suppressed while the mode in
the denominator is an external spectator decay. With the exception of the decay D0 → K¯0ρ0
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TABLE XXIII. Measured Ratios of color suppressed to external spectator branching fractions.
Mode Branching fraction [19]
B(D0 → K¯0ρ0)/B(D0 → K−ρ+) 0.08 ± 0.04
B(D0 → K0π0)/B(D0 → K−π+) 0.57 ± 0.13
B(D0 → K¯∗0π0)/B(D0 → K∗−π+) 0.47 ± 0.23
B(D0 → π0π0)/B(D0 → π−π+) [97] 0.77 ± 0.25
B(D+s → K¯∗0K+)/B(Ds → φπ+) 0.95 ± 0.10
B(D+s → K¯0K+)/B(Ds → φπ+) 1.01 ± 0.16
it is clear that the color suppressed decays do not have significantly smaller branching ratios.
When the BSW model is used to fit the data on charm decays it gives values of a1 =
1.26 and a2 = −0.51. The BSW model assumes that the values of the coefficients can be
extrapolated from µ = m2c to µ = m
2
b taking into account the evolution of the strong coupling
constant αs. This extrapolation gives the predictions a1 = 1.1 and a2 = −0.24 for B decays.
The smaller magnitude of a2 means that in contrast to the charm sector one expects to
find a more consistent pattern of color suppression in B meson decays. Another approach
uses the factorization hypothesis, HQET and model dependent form factors (RI model) [83].
In this approach, a1 and a2 are determined from QCD (with 1/Ncolor = 1/3), and color
suppressed B decays are expected to occur at about 1/1000 the rate of unsuppressed decays.
The observation of color suppressed B decays at a much greater level would indicate the
breakdown of the factorization hypothesis. In Section VIC we obtained upper limits for
color suppressed B decays with a D0 or D∗0 meson in the final state. In Table XXIV these
results are compared to the predictions of the BSW and the RI models.
TABLE XXIV. Branching fractions of color suppressed B decays and comparisons with models.
Decay Mode U. L. (%) BSW (%) B (BSW) RI model(%)
B¯0 → D0π0 < 0.048 0.012 0.20a22(fD/220MeV)2 0.0013 − 0.0018
B¯0 → D0ρ0 < 0.055 0.008 0.14a22(fD/220MeV)2 0.00044
B¯0 → D0η < 0.068 0.006 0.11a22(fD/220MeV)2
B¯0 → D0η′ < 0.086 0.002 0.03a22(fD/220MeV)2
B¯0 → D0ω < 0.063 0.008 0.14a22(fD/220MeV)2
B¯0 → D∗0π0 < 0.097 0.012 0.21a22(fD∗/220MeV)2 0.0013 − 0.0018
B¯0 → D∗0ρ0 < 0.117 0.013 0.22a22(fD∗/220MeV)2 0.0013 − 0.0018
B¯0 → D∗0η < 0.069 0.007 0.12a22(fD∗/220MeV)2
B¯0 → D∗0η′ < 0.27 0.002 0.03a22(fD∗/220MeV)2
B¯0 → D∗0ω < 0.21 0.013 0.22a22(fD∗/220MeV)2
In contrast to charm decays, color suppression seems to be operative in hadronic decays
of B mesons. The limits on the color suppressed modes with D0(∗) and neutral mesons are
still above the level expected by the two models, but we can already exclude a prediction by
Terasaki [98] that B(B¯0 → D0π0) ≈ 1.8B(B¯0 → D+π−). To date, the only color suppressed
B meson decay modes that have been observed are final states which contain charmonium
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mesons e.g. B → ψK and B → ψK∗ [99].
B. Determination of |a1|, |a2| and the Relative Sign of (a2/a1)
In the BSW model [57] , the branching fractions of the B¯0 normalization modes are
proportional to a21 while the branching fractions of the B → ψ decay modes depend only
on a22. A fit to the branching ratios for the modes B¯
0 → D+π−, D+ρ−, D∗+π− and D∗+ρ−
using the model of Neubert et al. yields
|a1| = 1.07± 0.04± 0.06 (26)
and a fit to the modes with ψ mesons in the final state gives
|a2| = 0.23± 0.01± 0.01 (27)
The first error on |a1| and |a2| includes the uncertainties from the charm or charmonium
branching ratios, the experimental systematics associated with detection efficiencies and
background subtractions as well as the statistical errors from the branching ratios. The
second error quoted is the uncertainty due to the B meson production fractions and lifetimes.
We have assumed that the ratio of B+B− and B0B¯0 production at the Υ(4S) is one [73],
[100], and assigned an uncertainty of 10% to it.
TABLE XXV. Predicted branching fractions in terms of BSW parameters a1, a2
Mode Neubert et al. [57] Deandrea et al. [101]
B¯0 → D+π− 0.264a21 0.276a21
B¯0 → D+ρ− 0.621a21 0.713a21
B¯0 → D∗+π− 0.254a21 0.276a21
B¯0 → D∗+ρ− 0.702a21 0.943a21
B− → D0π− 0.265[a1 + 1.230a2(fD/220)]2 0.276[a1 + 1.155a2(fD/220)]2
B− → D0ρ− 0.622[a1 + 0.662a2 (fD/220)]2 0.713[a1 + 0.458a2(fD/220)]2
B− → D∗0π− 0.255[a1 + 1.292a2 (fD∗/220)]2 0.276[a1 + 1.524a2(fD∗/220)]2
B− → D∗0ρ− 0.703[a21 + 1.487a1a2 (fD∗/220) 0.943[a21 + 1.31a1a2 (fD∗/220)
+0.635a22(fD∗/220)
2] +0.53a22(fD∗/220)
2]
B− → ψK− 1.819a22 1.634a22
B− → ψK∗− 2.932a22 2.393a22
B¯0 → ψK¯0 1.817a22 1.634a22
B¯0 → ψK¯∗0 2.927a22 2.393a22
By comparing branching ratios of B− and B¯0 decay modes it is possible to determine the
the sign of a2 relative to a1. The BSW model, Ref. [57] predicts the following ratios:
R1 =
B(B− → D0π−)
B(B¯0 → D+π−) = (1 + 1.23a2/a1)
2 (28)
R2 =
B(B− → D0ρ−)
B(B¯0 → D+ρ−) = (1 + 0.66a2/a1)
2 (29)
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TABLE XXVI. Ratios of normalization modes to determine the sign of a2/a1. The magnitude
of a2/a1 is the value in the BSW model which agrees with our result for B → ψ modes.
Ratio a2/a1 = −0.22 a2/a1 = 0.22 Experiment RI model
R1 0.53 1.61 1.63 ± 0.36 1.20− 1.28
R2 0.73 1.31 1.66 ± 0.46 1.09− 1.12
R3 0.51 1.65 1.86 ± 0.39 1.19− 1.27
R4 0.70 1.36 2.08 ± 0.61 1.10− 1.36
R3 =
B(B− → D∗0π−)
B(B¯0 → D∗+π−) = (1 + 1.29a2/a1)
2 (30)
R4 =
B(B− → D∗0ρ−)
B(B¯0 → D∗+ρ−) ≈ (1 + 0.75a2/a1)
2 (31)
Table XXVI shows a comparison between the experimental results and the two allowed
solutions in the BSWmodel. In the experimental ratios the systematic errors due to detection
efficiencies partly cancel. In the ratios R3 and R4 the D meson branching ratio uncertainties
do not contribute to the systematic error.
A least squares fit to the ratios R1 - R3 gives a2/a1 = 0.27 ± 0.08± 0.06 where we have
ignored uncertainties in the theoretical predictions. R4 is not included in the fit since the
model prediction in this case is not thought to be reliable [102]. The second error is due
to the uncertainty in the B meson production fractions and lifetimes which enter into the
determination of a1/a2 in the combination (f+τ+/f0τ0). As this ratio increases, the value of
a2/a1 decreases. The allowed range of (f+τ+/f0τ0) excludes a negative value of a2/a1.
Other uncertainties in the magnitude [103] of fD, fD∗ and in the hadronic form factors
can change the magnitude of a2/a1 but not its sign. The numerical factors which multiply
a2/a1 include the ratios of B → π(B → ρ) to B → D (B → D∗) form factors, as well as the
ratios of the meson decay constants. We assume values of 220 MeV for fD and fD∗ [104].
To investigate the model dependence of the result we have recalculated |a1|, |a2|, and a2/a1
in the model of Deandrea et al. We find |a1| = 0.99± 0.04± 0.06, |a2| = 0.25± 0.01± 0.01,
and a2/a1 = 0.25 ± 0.07 ± 0.05, consistent with the results discussed above. A different
set of B → π form factors can be calculated using QCD sum rules. Using the form factors
determined by Belyaev, Khodjamirian and Ru¨ckl [105] and by Ball [106], a2/a1 changes by
0.04. Kamal and Pham have also considered the effect of uncertainties in form factors, the
effects of final state interactions, and annihilation terms. They conclude that these may
change the magnitude of a2/a1 but not its sign [107].
The magnitude of a2 determined from this fit is consistent with the value of a2 determined
from the fit to the B → ψ decay modes. The sign of a2 disagrees with the theoretical ex-
trapolation from the fit to charmed meson decays using the BSW model [108]. Table XXVII
compares the corresponding charm decay ratios to the theoretical expectations for positive
and negative values of a2/a1.
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TABLE XXVII. Predicted (BSW) and measured ratios of widths of D+ andD0 modes in charm
decay.
Mode a2/a1 = −0.40 a2/a1 = 0.40 Ratio of widths (exp) [19]
D+ → K¯0π+/D0 → K−π+ 0.26 2.2 0.28 ± 0.05
D+ → K¯0ρ+/D0 → K−ρ+ 0.58 1.5 0.36 ± 0.10
D+ → K¯∗0π+/D0 → K∗−π+ 0.05 3.2 0.17 ± 0.07
D+ → K¯∗0ρ+/D0 → K∗−ρ+ 0.34 2.0 0.25 ± 0.12
XI. RARE HADRONIC DECAYS
A. Introduction
There are hadronic B meson decays that cannot be produced by the usual b→ c transi-
tion. The results of the experimental search for these rare decay modes provides important
information on the mechanisms of B meson decay and significant progress is being made
with the collection of large samples of B mesons by the CLEO II experiment. As an in-
dication of this we will discuss the first observation of radiative penguin decay as well as
new experimental results on the decays B¯0 → π+π− and B¯0 → K−π+ where a statistically
significant signal has been observed in the sum of the two modes.
Decays of the kind B → DsXu, where the Xu system hadronizes as pions, can occur via
a b→ u spectator diagram where the W forms a cs¯ pair. Since other contributing diagrams
are expected to be negligible these decays may provide a clean environment in which to
measure Vub in hadronic decays. Decays of the kind B¯0 → D+s X−s , where Xs is a strange
meson, are also interesting since they are associated with a W exchange diagram.
FIG. 25. Rare B meson decay diagrams: (a) b→ u spectator and (b) gluonic penguin.
Charmless hadronic decays such as B¯0 → π+π−, B− → π−π0, B¯0 → π±ρ∓ and B− →
π0ρ−, are expected to be produced by the b → u spectator diagram (Fig. 25(a)), although
there is a possible small contribution from a b → d penguin diagram (Fig. 25(b)). The
decay B¯0 → π+π− has been discussed as a possible place to observe CP violation in the
B meson system [109]. The final state is a CP eigenstate, and CP violation can arise from
interference between the amplitude for the direct decay via the b→ u spectator diagram, and
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the amplitude for the decay following B0B¯0 mixing. In this decay the CP violating angle is
different from the one accessible in B¯0 → ψKs, so the measurement is complementary. There
is a possible complication if the b→ d penguin contribution to the amplitude is significant.
This could be resolved if measurements are made on other rare hadronic decay modes to
determine the role of the penguin amplitude in any observed CP violating effect [109].
Decays to charmless hadronic final states containing an s quark are expected to have a
significant contribution from a b→ s penguin diagram, although they can also occur through
a Cabibbo suppressed b→ u spectator diagram. The inclusive rates for the hadronic penguin
diagrams b → sg and b → sqq¯ are estimated to be about 1% from the parton model, but
predictions for the hadronization into exclusive final states are uncertain because the simple
assumptions about factorization of the amplitude used for the spectator diagram may not
be valid for loop diagrams.
B. Decays to Ds Mesons
These decays have recently been searched for by ARGUS [110] and CLEO II [111]. The
upper limits are given in Table XXVIII along with theoretical predictions by Chouduryet al.
[112], and Deandrea et al. [101].
TABLE XXVIII. Theoretical predictions and experimental upper limits (90% C.L.) for B de-
cays to Ds. All numbers quoted are branching fractions ×10−5
B Decay Choudury Deandrea ARGUS CLEO II
D+s π
− 1.9 8.1 <170.0 <27.0
D∗+s π
− 2.7 6.1 <120.0 <44.0
D+s ρ
− 1.0 1.2 <220.0 <66.0
D∗+s ρ
− 5.4 4.5 <250.0 <74.0
D+s π
0 1.8 3.9 <90.0 <20.0
D∗+s π
0 1.3 3.0 <90.0 <32.0
D+s η 1.1 <46.0
D∗+s η 0.8 <75.0
D+s ρ
0 0.5 0.6 <340.0 <37.0
D∗+s ρ
0 2.8 2.4 <200.0 <48.0
D+s ω 0.6 <340.0 <48.0
D∗+s ω 2.4 <190.0 <68.0
D+s K
− <170.0 <23.0
D∗+s K
− <120.0 <17.0
D+s K
∗− <460.0 <97.0
D∗+s K
∗− <580.0 <110.0
The experimental limits are still at least a factor of three above the theoretical predictions.
If we compare the limits to the predictions of Deandrea et al. we note that the best constraint
on |Vub/Vcb| will come from the CLEO II limit on B¯0 → D+s π−, but that this model dependent
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limit is still above the range 0.06 < |Vub/Vcb| < 0.10 allowed by the recent semileptonic data
[6]. Combining several DsXu modes the sensitivity to Vub can be slightly improved. For
example, using the BSW model CLEO obtains an upper limit of |Vub/Vcb| < 0.15 (90% C.L.)
[111].
C. Charmless Hadronic B Decay
Predictions of branching ratios for charmless hadronic decays were made by Bauer, Stech
and Wirbel [75] using the b → u spectator diagram and the assumption of factorization.
The possible contributions from penguin diagrams were neglected. These predictions have
recently been updated by Deandrea et al. [101] using new estimates of the hadronic form
factors. We compare their results to the experimental upper limits in Table XXIX. We have
TABLE XXIX. Theoretical predictions and experimental upper limits (90% C.L.) for charmless
hadronic B decays. All numbers quoted are branching fractions ×10−5.
B Decay Deandrea ARGUS CLEO 1.5 CLEO II
π+π− 1.8 <13.0 <7.7 <2.9
π±ρ∓ 5.2 <52.0 <29.0
ρ+ρ− 1.3
π±a∓1 <90.0 <49.0
π0π0 0.06
π0ρ0 0.14 <40.0
ρ0ρ0 0.05 <28.0 <29.0
π−π0 1.4 <24.0
π−ρ0 0.7 <15.0 <17.0
π0ρ− 2.7 <55.0
ρ−ρ0 0.7 <100.0
pp¯π− (52± 14 ± 19) <14.0
included in Table XXIX the reported observation of the decay B− → pp¯π− by ARGUS [115],
even though this has not been confirmed by later data from either ARGUS or CLEO [116].
There are two recent sets of theoretical predictions by Deshpande et al. [117] and Chau et
al. [118] that take into account both penguin and spectator contributions and make predic-
tions for a large number of charmless hadronic B decays. A selection of these predictions are
shown in table XXX. Large contributions from the penguin amplitude are expected in decays
such as B → K(∗)φ and B → K(∗)π. However, the decays B → Kρ are predicted to have
very small penguin amplitudes due to cancellations in the contributions to the amplitude
[117].
New upper limits have been presented for B¯0 → π+π− [3] and B¯0 → π±ρ∓ [123]. The
CLEO II search for B¯0 → π+π− is discussed in detail in the next section. CLEO II also has
a new limit on B¯0 → K−π+ [3], and preliminary results on B¯0 → K−ρ+ [123] as well as the
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TABLE XXX. Theoretical predictions and experimental upper limits (90% C.L.) for b → s
decays. All numbers quoted are branching fractions ×10−5
B Decay Deshpande Chau ARGUS CLEO 1.5 CLEO II
K−π+ 1.1 1.7 <18.0 <7.7 <2.6
K−ρ+ 0 0.2 <11.0
K0π0 0.5 0.6
K0ρ0 0.01 0.04 <16.0 <50.0
K∗−π+ 0.6 1.9 <62.0 <38.0
K∗0π0 0.3 0.5
K−π0 0.6 0.8
K−ρ0 0.01 0.06 <18.0 <8.0
K0π− 1.1 1.2 <9.6 <10.0
K0ρ− 0 0.03
K∗0π− 0.6 0.9 <17.0 <15.0
K∗−π0 0.3 0.9
K0φ 1.1 0.9 <36.0 <42.0 <9.4
K∗0φ 3.1 0.9 <32.0 <38.0 <19.0
K−φ 1.1 1.4 <18.0 <9.0 <1.7
K∗−φ 3.1 0.8 <130.0 <12.0
B → K(∗)φ modes [121]. The CLEO II limits on B¯0 → K−π+ and B− → K−φ, which are
expected to have a large penguin amplitude, are close to the theoretical predictions.
The experimental sensitivities to branching ratios have now reached the 10−5 range.
Since the theoretical predictions for several B decay modes are in this range, it is possible
that some signals will be observed soon. By measuring a sufficient number of charmless B
decay modes (e.g. B¯0 → π−π+, B− → π−π0, B¯0 → π0π0) it may be possible to isolate the
spectator and penguin contributions.
D. New Experimental Results on B¯0 → π+π− and B¯0 → K−π+
The decay modes B¯0 → π+π−, B¯0 → K−π+, and B¯0 → K+K− [122], have been searched
for by CLEO II using a data sample of 1.37 fb−1 taken on the Υ(4S) [3]. A sample of
0.64 fb−1 taken just below the resonance is used to study the continuum background. Since
B mesons are produced nearly at rest on the Υ(4S), the final state has two nearly back-to-
back tracks with momenta about 2.6 GeV/c. We distinguish candidates for B meson decays
from continuum background using the difference, ∆E, between the total energy of the two
tracks and the beam energy, and the beam-constrained mass, MB. The r.m.s. resolutions
on ∆E and MB are 25 MeV and 2.5 MeV respectively.
Separation between π−π+, K−π+ and K−K+ events is provided by the ∆E variable, and
by dE/dx information from the 51-layer main drift chamber. The ∆E shift between Kπ and
ππ events is 42 MeV if E1 and E2 are determined using the pion mass. This is 1.7σ∆E. The
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dE/dx separation between kaons and pions at 2.6 GeV/c is found to be (1.8 ± 0.1)σ from
a study of a sample of D∗+-tagged D0 → K−π+ decays. Thus, in the CLEO II experiment
the total separation between Kπ and ππ events is 2.5σ.
The background arises almost entirely from the continuum where the two-jet structure
of the events can produce high momentum, back-to-back tracks. These events can be dis-
criminated against by calculating the angle, θT , between the thrust axis of the candidate
tracks, and the thrust axis of the rest of the event. The distribution of cos θT is peaked at
±1 for continuum events, and is nearly flat for BB¯ events. A cut is made at | cos θT | < 0.7.
Additional discrimination is provided by a Fisher discriminant [124], [125], F = ∑ni=1 αiyi.
The inputs yi are the direction of the candidate thrust axis, the B meson flight direction,
and nine variables measuring the energy flow of the rest of the event. The coefficients αi are
chosen to maximize the separation between BB¯ signal events and continuum background
events. The optimal cut on the Fischer discriminant is 84% efficient for signal and 40%
efficient for background.
Two approaches are used to evaluate the amount of signal in the data sample. In the first
approach a cut is made on F and events are classified as ππ, Kπ or KK according to the
most probable hypothesis from the dE/dx information. The signal and background numbers
are given in Table XXXI. The efficiency for the correct identification of a signal event in
this analysis is 19%. The background is estimated using sidebands in the continuum and
on-resonance data and scaling factors from Monte Carlo studies. There is no BB¯ background
in the signal region.
TABLE XXXI. Event yields, fitted branching fractions and 90% C.L. upper limits for
B0 → π+π−, B0 → K+π− and B0 → K+K−
Decay mode Signal Events Background Nfit B.R.×10−5 U.L.×10−5
π+π− 6 1.4±0.2 7.2+4.3−3.5 1.3+0.8−0.6 ± 0.2 < 2.9
K+π− 6 1.5±0.2 6.4+3.9−3.1 1.1+0.7−0.6 ± 0.2 < 2.6
K+K− 0 1.1±0.1 0.0+0.8−0.0 0.0+0.2−0.0 < 0.7
π+π− or K+π− 12 2.9±0.3 13.6+4.7−3.9 2.4+0.8−0.7 ± 0.2
FIG. 26. Likelihood contours in the CLEO II analysis for the fit to Nππ and NKπ. The best fit
is indicated by the cross, the 1, 2, 3, and 4σ contours by solid lines, and the 1.28σ contour by the
dotted line.
To increase the efficiency of the search and to exploit the information contained in the
distributions of the ∆E,MB, F and dE/dx variables a second analysis is performed. The cuts
described in the previous paragraph are removed, and an unbinned maximum-likelihood fit is
made. In this fit the signal and background distributions are defined by probability density
functions derived from Monte Carlo studies. The fit determines the relative contributions of
π−π+, K−π+ and K−K+ to the signal and background. The best fit values for the signal
yields Nππ, NKπ and NKK , are given in Table XXXI. Fig. 26 shows the nσ contours in the
plane Nππ vs. NKπ, and Fig. 27 shows the projections of the likelihood fit onto the MB and
∆E axes compared to the events observed. The efficiency for a signal event to be included
in the likelihood analysis is 38%.
FIG. 27. CLEO II results on B → π+π− and K+π−. Comparison of on-resonance data (his-
togram) with projections of the likelihood fit (solid curve). (a) Projection onto MB after cuts on
∆E and F (b) Projection onto ∆E after cuts on MB and F . The shaded portions of the histogram
are ππ events, the unshaded are Kπ events. The dotted and dot-dashed lines in (b) indicate the
fit projections for Kπ and ππ separately.
The best fit value shown in Fig. 26 is more than 4σ away from the point Nππ = NKπ = 0.
After including the effect of systematic errors on the sum of Nππ and NKπ [124], it has been
concluded that the significance of the sum is sufficient to claim the observation of a signal
for charmless hadronic B decays. It should be emphasized that the present data do not
have sufficient statistical precision to allow any conclusion to be reached about the relative
importance of the two decays. While the CLEO II experiment does not measure signals for
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the individual decays B¯0 → π+π− and B¯0 → K−π+, it does set stringent upper limits (Table
XXXI).
Studies have been made of the amount of additional data that might be required to
measure signals in the individual modes, and it is estimated that a sample of about 3 fb−1
is sufficient, assuming that the best fit continues to give the same yields for Nππ and NKπ.
Note that the separation between ππ and Kπ provided by ∆E and dE/dx is adequate for
this analysis, as can be seen from the nearly circular form of the contours in Fig. 26.
XII. ELECTROMAGNETIC PENGUIN DECAYS
A. Observation of B → K∗(892)γ
The first observation of the electromagnetic decay B → K∗γ has been reported by
CLEO II [4]. A data sample of 1.38 pb−1 taken on the Υ(4S) resonance was searched for
both B¯0 → K¯∗0γ and B− → K∗−γ, where the K¯∗0 was detected in its K−π+ decay mode,
and the K∗− in both the K−π0 and Ksπ
− decay modes. If a K∗ candidate is within 75 MeV
of the known K∗ mass then it is combined with an isolated photon with an energy between
2.1 and 2.9 GeV. The photon candidate must not be matched to a charged track, and must
have a shower shape consistent with an isolated photon. If the photon candidate forms a
π0(η) meson when combined with any another photon with energy greater than 30(200) MeV
it is rejected.
Candidates for B meson decays are identified using the variables ∆E = EK∗+Eγ−Ebeam
and MB. The r.m.s. resolutions on ∆E and MB are 40 MeV and 2.8 MeV respectively.
TABLE XXXII. Summary of results for B → K∗γ
B¯0 → K∗0γ B− → K∗−γ
K¯∗0 → K−π+ K∗− → Ksπ− K∗− → K−π0
Signal Events 8 2 3
Continuum Background 1.1±0.2 0.05±0.03 0.8±0.3
BB¯ Background 0.30±0.15 0.01±0.01 0.10±0.05
Detection Efficiency (11.9±1.8)% (2.0±0.3)% (3.1±0.5)%
Branching Ratio (4.0±1.7±0.8)×10−5 (5.7±3.1±1.1)×10−5
There are two main sources of background from the continuum, qq¯ jets and initial state
radiation (ISR). These backgrounds are suppressed by applying cuts on the shape variables
R2 < 0.5, | cos θT | < 0.7, and 0.25 < s⊥ < 0.60. The upper restriction on s⊥ is useful for
rejecting ISR background. By transforming the event into the frame where the photon is
at rest, and defining new shape variables R
′
2 and cos θ
′
T in this frame, the ISR background
can be further suppressed. There is a small amount of background to B → K∗γ from other
BB¯ events. The size of this background was determined from a high statistics Monte Carlo
study. This study includes a feeddown from other b→ sγ decays, which was estimated using
the theoretical models for b→ sγ discussed in the next section. The remaining background
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is mainly due to continuum e+e− annihilation. This contribution has been determined using
∆E, MB sidebands in both the Υ(4S) and continuum data and scaling factors determined
from Monte Carlo studies.
Supporting evidence that the events in the signal region are due to the decay B → K∗γ
comes from a likelihood analysis similar to the one described in section XID. In this analysis
the distributions of the events in the variables MB, ∆E, MK∗ , cosΘK∗ (the K
∗ helicity
angle), cos θB, R2, R
′
2, s⊥, and cos θT are compared to the distributions expected from
Monte Carlo samples of signal and continuum background events [127]. This analysis gives
results completely consistent with the signal and background yields given in Table XXXII.
FIG. 28. The beam-constrained mass distribution from CLEO II for B → K∗γ candidates:
K−π+γ solid, K−π0γ shaded, Ksπ
−γ unshaded
The eight K¯∗0γ and five K∗−γ events in the signal region, |∆E| < 90 MeV and 5.274 <
MB < 5.286 GeV, are a clear signal for the decay B → K∗γ (Fig. 28). The yields in the
observed modes are consistent. Assuming that B¯0 → K¯∗0γ and B− → K∗−γ are equal, the
average branching ratio is (4.5 ± 1.5 ± 0.9) × 10−5. This is in agreement with theoretical
predictions from the electromagnetic penguin diagram [128].
B. Experimental Constraints on the b→ sγ Inclusive Rate
At present, due to the uncertainties in the hadronization, only the inclusive b→ sγ rate
can be reliably compared with theoretical calculations. This rate can be measured from the
endpoint of the inclusive photon spectrum in B decay. The signal for b→ sγ is expected to
peak in the region 2.2 < Eγ < 2.7 GeV, with only 15% of the rate expected to be outside
this range [128].
FIG. 29. Inclusive gamma spectrum from CLEO II for (a) On resonance (solid line) and scaled
off resonance (dashed line) (b) excess of gammas from B decays
The experimental situation is shown in Fig. 29. In the CLEO II data there is an excess
of 69± 43 events from B decays in the region 2.2 < Eγ < 2.7 GeV. The contribution in the
signal region due to photons coming from b→ c decays is thought to be small compared to
the expected signal from b→ sγ. A conservative upper limit is being quoted by not making
a b → c subtraction, and by assuming that only 70% of the b → sγ rate is in the energy
window [126].
An alternative approach to measuring the inclusive rate is to use the observed exclusive
rate for B → K∗γ. However, the fraction of the inclusive rate that hadronizes to a particular
exclusive final state is not very well understood. Ali et al. [128] predict the mass distribution
of the Xs system using an estimate of the Fermi momentum of the spectator quark (pF = 300
MeV) [129] . By integrating this spectrum up to 1 GeV and assuming this region is dominated
by the K∗ resonance, the fraction of K∗(892)γ is estimated to be (13±3)%. Other authors
have made predictions between 5% and 40% for the fraction of K∗(892)γ [134]. A reasonable
estimate that covers most of the theoretical predictions is (13±6)%. Combining this number
with the measured branching ratio for B → K∗γ a lower limit can be obtained for the
inclusive rate. This approach would become more useful if additional exclusive channels
with higher mass Xs systems were to be observed.
Using the inclusive measurement for the upper limit, and the observation of B → K∗γ
for the lower limit, the present 95% C.L. limits on the inclusive rate are [126]:
0.8× 10−4 < B(b→ sγ) < 5.4× 10−4 (32)
It is anticipated that CLEO II will improve both of these limits, and will eventually observe
a signal in the inclusive photon spectrum.
Searches have also been made for b → sγ processes at LEP. The L3 experiment has set
an upper limit of 1.2 × 10−3 (90% C.L.) on the inclusive b → sγ rate [132]. The exclusive
decays B¯0 → K¯∗0γ and Bs → φγ have been searched for by the DELPHI experiment using
the particle identification capabilities of the RICH detector. Upper limits of 3.6× 10−4 and
19.0 × 10−4 are obtained for these two decays [133]. The results of the searches performed
at the Z0 are inferior to the results from CLEO II due to the smaller number of B mesons
produced, and the large backgrounds from non bb¯ processes. In the L3 analysis this large
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background is subtracted according to the predictions of the JETSET Monte Carlo. Another
problem at LEP is that the photons have higher energies and are more difficult to distinguish
from π0 and η mesons.
C. Theoretical Implications of b→ sγ
There are many calculations of the inclusive rate for b → sγ [128], [130]. The rate has
a logarithmic dependence on the top quark mass, mt, and is proportional to the product of
CKM matrix elements |VtsVtb|2. Large leading order QCD corrections increase the rate by a
factor of about 3.5. Using the limits 100 < mt < 200 GeV, and allowing the range of mass
scales, µ, at which the QCD corrections are evaluated, to vary between mb/2 and 2mb, Ali
and Greub calculate the inclusive rate to be (3.0±1.2)×10−4. This prediction is completely
consistent with the experimental results discussed in the previous section. Ali and Greub
have used the experimental bounds to determine the range of possible values for the ratio
CKM matrix element |Vts/Vcb|:
0.50 < |Vts/Vcb| < 1.67
which is expected from unitarity to be close to 1.
The ratio |Vtd/Vts| can be determined from a comparison of the decay rates for B → ργ
(or B → ωγ) and B → K∗γ. In this ratio many of the theoretical uncertainties are expected
to cancel.
There has been recent interest in b → sγ as a probe of physics beyond the standard
model [7,136]. There are possible additional contributions to the loop from a charged Higgs
boson and from supersymmetric particles. Hewett [7] has considered two Higgs doublet
models and shown that contributions comparable to the standard model are expected for a
charged Higgs mass of order 100 GeV. In supersymmetric models there are also contributions
from loops containing charginos, neutralinos and squarks that tend to cancel the charged
Higgs and standard model contributions (in unbroken supersymmetry all contributions to
the loop diagram cancel exactly) [135]. Several recent papers [136] investigate the parameter
space allowed by b → sγ for particular models of the breaking of the supersymmetry. For
most of the parameter space the charged Higgs contribution is the dominant one, and the
present CLEO II upper limit on b → sγ constrains the charged Higgs mass to be greater
than 200 GeV. This is more restrictive than constraints from direct searches at existing
high energy colliders. An important consequence of this limit would be to forbid the decay
t→ bH+. The limit on the charged Higgs mass can be avoided in supersymmetric models if
the stop mass is small since this leads to a large negative contribution from the chargino-stop
loop. For this case the rate for b→ sγ could even become smaller than the standard model
prediction.
Other constraints on new physics have been derived from the bounds on b→ sγ. If there
are anomalousW −W −γ couplings, these can significantly modify the rate for b→ sγ. The
CLEO measurements exclude certain regions of the parameter space of anomalous dipole and
quadrupole couplings of the W boson that cannot be explored by direct studies of W+ − γ
production at hadron colliders [137].
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D. b→ sℓ+ℓ− Decays
The b → sγ diagram can be modified by replacing the real photon by a virtual photon
or by a virtual Z0 or other neutral boson that produces a lepton pair (see Fig. 30). This
penguin diagram leads to both B → Kℓ+ℓ− and B → K∗ℓ+ℓ− decays, since the B → K
transition is no longer forbidden by angular momentum conservation as it was for b → sγ.
Although the penguin amplitude for b → sℓ+ℓ− is smaller than b → sγ the final states can
be identified easily, and are particularly favorable for study at hadron colliders. As in the
radiative penguin decay discussed previously, the process b→ sℓ+ℓ− is sensitive to high mass
physics including charged Higgs bosons and non-standard neutral particles.
FIG. 30. Diagrams for the decays B → K(∗)ℓ+ℓ−.
The penguin amplitude has been calculated by a number of authors [138], with results for
the inclusive b→ se+e− rate of (1− 2)× 10−5 and for the b→ sµ+µ− rate of (4− 8)× 10−6.
The exclusive channels K∗ℓ+ℓ− and Kℓ+ℓ− are expected to comprise 5−30% of the inclusive
rate. However, the theoretical description of b → sℓ+ℓ− is more complicated than b → sγ,
since the final states K(∗)ℓ+ℓ− can also be produced via “long distance” contributions from
the hadronic decay B → K(∗)Ψ followed by Ψ → ℓ+ℓ− where Ψ stands for a real or virtual
charmonium state [139]. Ali, Mannel and Morozumi [140] have performed a full analysis of
b→ sℓ+ℓ− including both the penguin and the long distance contributions. Their predictions
for the inclusive b→ sℓ+ℓ− rate are in the range (2 − 6)× 10−6 excluding the regions close
to the ψ and ψ′ mass where the long distance contributions dominate. There is interference
between the penguin and long distance amplitudes over a wide range of dilepton masses.
Ali et al. point out that the sign of the interference is controversial, and that information
about the interference can be obtained both from the dilepton mass distribution, and from
the forward-backward asymmetry of the lepton pair.
Experimental searches have been made by CLEO and ARGUS at the Υ(4S), and by
UA1 in pp¯ collisions. The CLEO and ARGUS analyses [141,142] make a simple veto on
dilepton masses consistent with a real ψ or ψ′, and see almost no background in their beam-
constrained mass plots. The UA1 analysis [143] selects a range 3.9 < M(ℓ+ℓ−) < 4.4 GeV
which is believed to have small long distance contributions and no radiative tail from the
Ψ. UA1 performs both an exclusive search for B¯0 → K¯∗0µ+µ− and an inclusive search for
B → Xsµ+µ−. The upper limits from all the experimental measurements are summarized
in Table XXXIII. These upper limits are all well above the theoretical predictions, but a
detailed comparison of the various limits is complicated by the different dilepton mass ranges
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considered by the different analyses. The limits from UA1 suggest that b → sℓ+ℓ− decays
might eventually be observed at hadron colliders, as well as by Υ(4S) experiments that have
collected large enough data samples to be sensitive to these decay modes.
TABLE XXXIII. Experimental upper limits (90% C.L.) for b → sℓ+ℓ− decays. All numbers
quoted are branching fractions ×10−5
B Decay ARGUS CLEO I CLEO 1.5 UA1
K0e+e− <15.0 <56.0
K−e+e− <9.0 <24.0 <5.7
K0µ+µ− <26.0 <39.0
K−µ+µ− <22.0 <36.0 <17.0
K¯∗0e+e− <29.0 <6.9
K∗−e+e− <63.0
K¯∗0µ+µ− <34.0 <16.0 <2.3
K∗−µ+µ− <110.0
Xsµ
+µ− <5.0
XIII. PURELY LEPTONIC B DECAY
A. B Decays to Two Leptons
The Standard Model allows B0 and Bs mesons to decay to e
+e− µ+µ− or τ+τ− via box
diagrams or loop diagrams involving both W and Z propagators (see Fig. 31) [144]. The
largest branching fraction is predicted to be 4 × 10−7 for Bs → τ+τ−, and the smallest
2 × 10−15 for B0 → e+e−. The decays to the lighter leptons are suppressed by a helicity
factor which is proportional to m2ℓ , and the B
0 decays are suppressed relative to the Bs
decays by the factor |Vtd/Vts|2. Decays to the final states e±µ∓, e±τ∓ and µ±τ∓ are all
forbidden in the Standard Model by lepton family number conservation.
A search for B0 decays to two leptons has been made by CLEO II [145], and there are also
searches for B0 → µ+µ− by the UA1 and CDF collaborations at hadron colliders [143,146].
The 90% C.L. upper limits on the allowed processes are 5.9×10−6 for B0 → e+e− (CLEO II),
and 3.2×10−6 (CDF), 5.9×10−6 (CLEO II) and 8.3×10−6 (UA1) forB0 → µ+µ−. The hadron
collider experiments can undoubtedly set similar limits on Bs → µ+µ−, and presumably have
not done so because the Bs mass was unknown until recently (see section VIIB ) .
CLEO II also sets limits on the lepton-flavor changing decays of 5.9×10−6 forB0 → e±µ∓,
7.9× 10−4 for B0 → e±τ∓ and 1.2× 10−3 for B0 → µ±τ∓.
Several recent papers consider the relative sensitivity of various lepton-flavor changing
decays to non-Standard Model couplings [147], [148] . Sher and Yuan argue that larger
Yukawa couplings are expected for third generation quarks, and that these larger couplings
not only enhance the sensitivity of the decays, but also make them less dependent on the
detailed parameterization of the new couplings [147]. They make a comparison of B and
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FIG. 31. Diagrams for the dilepton decays of B mesons.
K decays which suggests that Bs → τµ has the best sensitivity, although it is unclear how
to search for this channel experimentally. The more accessible channel Bs → µe could also
have better sensitivity than the equivalent decay KL → µe, even though the upper limit on
the latter is now in the 10−11 range. B0 decays are less sensitive than Bs decays but are still
of interest because they can be searched for in experiments at the Υ(4S).
B. The Decays B → τν, B → µν and B → eν.
The decay B+ → τ+ν proceeds through the annihilation of the constituent quarks in
analogy to the π+ → µ+ν decay. The branching fraction is given by:
B(B+ → τ+ν) = G
2
FmBm
2
τ
8π
(
1− m
2
τ
m2B
)
f 2B|Vub|2τB
All the parameters in this equation are well known except the decay constant fB and the
CKM matrix element Vub. Given a more accurate knowledge of Vub from other measurements
and the experimental observation of the decay B+ → τ+ν, it would be possible to determine
a value for fB. The measurement of this decay constant is of fundamental importance for B
physics since it enters into many other B decay measurements, including most notably BB¯
mixing [149].
The present theoretical estimates of fB from lattice QCD and QCD sum rules are in the
range fB = (180 ± 50) MeV [150]. Using this value of fB and our standard values of Vub
and τB, we obtain a prediction of B(B+ → τ+ν) = 4.0 × 10−5. The decays B+ → µ+ν and
B+ → e+ν have smaller branching ratios of 1.4 × 10−7 and 3.3 × 10−12 respectively. The
decays to the muon and electron are suppressed relative to the tau decay by a helicity factor
proportional to m2ℓ .
CLEO II is investigating ways of observing these decay modes [151]. For B+ → τ+ν the
method that has been tried is to start with a sample of 716 fully reconstructed B− mesons,
including many of the decay channels that have been discussed earlier in this review. The
signature for the decay of the B+ meson to τ+ν , τ+ → ℓ+νν¯ or τ+ → π+ν is the presence of
one and only one charged track and no neutral showers with energies greater than 200 MeV
in addition to those tracks and showers that were used to reconstruct the B− meson. No
candidates are observed among the 716 reconstructed B− events. The efficiency for finding
a B+ → τ+ν event among these fully reconstructed B− events, including the τ → lνν¯ and
τ → πν branching fractions, is (26.0 ± 3.3)%. This leads to a 90% C.L. upper limit of
B(B+ → τ+ν) < 1.3%.
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The technique that CLEO II is using for B+ → µ+ν is somewhat different. For this mode
it is not necessary to fully reconstruct the other B meson. The B meson decays almost at rest
into a µ+ and a neutrino which are back-to-back and have energies of about 2.65 GeV. The
muon is well identified and has little background. The neutrino is “detected” by calculating
the missing momentum pmiss of the whole event. If all the decay products of the other B
−
have been measured by the CLEO II detector pmiss will be a good estimator of the neutrino
momentum. Then the analysis proceeds as if this were a fully reconstructed B decay, with
the calculation of the energy difference, ∆E, and the beam-constrained mass, MB. Since
there is often a small amount of undetected energy from the decay of the other B, a cut is
made at −200 < ∆E < +400 MeV. This analysis is almost background free, and gives a 90%
C.L. upper limit of B(B+ → µ+ν) < 2.0× 10−5. A similar limit is obtained for B+ → e+ν.
The CLEO II limits of B+ → τ+ν and B+ → µ+ν are both two orders of magnitude
above the theoretical predictions, giving rather uninteresting limits on fB of 3.2 and 2.1 GeV
for |Vub/Vcb| = 0.075. However, it should be noted that the experimental searches are not yet
background limited, so the upper limits on the branching ratios will improve linearly with
future increases in statistics. Efforts are being made to improve the B → τν analysis either
by relaxing the requirements for full reconstruction, or by adding more τ decay modes.
XIV. CONCLUSIONS
In the past two years significant progress in the area of hadronic B decay has been
made. The data are now of sufficient quality to perform non-trivial tests of the factorization
hypothesis including comparisons of rates for D∗+X− (where X− = π−, ρ−, or a−1 ) with rates
for D∗+ℓ−ν¯ at q2 =M2X , as well as comparisons of the polarizations in D
∗+ρ− with D∗+ℓ−ν¯ℓ.
In all cases the factorization hypothesis is consistent with the data at the present level of
experimental precision and for q2 < m2a1 .
Improved measurements of branching ratios of two-body decays with a final state ψ meson
have been reported from CLEO II and ARGUS. The decay B → ψK∗ is strongly polarized
with ΓL/Γ = (84± 6± 8) %; therefore this mode will be useful for measuring CP violation.
There is no evidence for color suppressed decays to a charmed meson and light neutral
hadron in the final state. The most stringent limit, B(B¯0 → D0π0)/B(B¯0 → D+π−) < 0.07
from CLEO II, is still above the level where these color suppressed B decays are expected
in most models. The observation of B → ψ modes shows that color suppressed decays are
present. Using results on exclusive B → ψ decays from CLEO 1.5, CLEO II and ARGUS,
we find a value of the BSW parameter |a2| = 0.23 ± 0.01 ± 0.01. We also report a new
value for the BSW parameter |a1| = 1.07± 0.04± 0.06. By comparing rates for B− and B¯0
modes, it has been shown that the sign of a2/a1 is positive, in contrast to what is found in
charm decays.
There has been dramatic progress in the study of rare decays. CLEO II has reported
evidence for charmless hadronic B decay in the sum of B → K+π− and B → π+π− and
has observed the first direct evidence for the radiative penguin decay B → K∗γ with a
branching ratio of (4.5± 1.5± 0.9)× 10−5. CLEO II also sets limits on the inclusive process
0.8 × 10−4 < B(b → sγ) < 5.4 × 10−4 . These results restrict the allowed range for Vts and
constrain physics beyond the Standard Model.
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Large samples of reconstructed hadronic decays will be obtained in the next few years by
the CLEO II collaboration as a result of further improvements in the luminosity of CESR,
and in the performance of the CLEO II detector. This will permit accurate tests of the
factorization hypothesis over the full q2 range. The large tagged sample can be used to study
inclusive properties of B+ and B0 decays and constrain fB via B
+ → τ+ν. Measurements of
additional decays to final states with charmonium mesons will be performed and other color
suppressed decays will be observed.
A larger data sample should allow further results to be obtained on rare B decays includ-
ing the observation of B0 → π+π−, B0 → K+π− and a measurement of the inclusive process
b→ sγ. The measurement of several rare hadronic decays would provide information on the
relative importance of the penguin and spectator amplitudes. Additional electromagnetic
penguin decays such as B → K∗∗γ, B → K∗ℓ+ℓ− and B → ργ may be observed. These
provide further constraints on Standard model parameters and extensions of the Standard
Model.
A goal of the study of hadronic and rare B decays is to eventually measure CP asym-
metries in B decays such as B → ψKs and B → π+π−. In order to test the consistency
of the Standard Model description of CP violation in these decays, the mechanisms of B
decay must be well understood. This review shows that rapid progress is being made in
understanding B decay.
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APPENDIX
Tables XVI and XVII contain the B meson branching fraction as measured by the AR-
GUS, CLEO 1.5 and CLEO II experiments. In this appendix we list more technical infor-
mation found in the ARGUS [12] - [14], [21], [40] and CLEO [10], [54], [37], [2] publications.
This includes the number of signal events and the reconstruction efficiencies. Note that
different experiments used different procedures to obtain branching ratios in modes where
several D or ψ decay channels were used (see Sec. IIC. The information provided here will
be useful to estimate the signal yields for future B experiments and also to rescale the B
meson branching ratios when more precise measurements of the charmed meson branching
fraction become available.
TABLE XXXIV. Detailed B− branching ratios. Experiment: ARGUS
B− decay Signal events Branching ratio [%]
B− → D0π− 12 ± 5 0.22 ± 0.09 ± 0.06± 0.01
B− → D0ρ− 19 ± 6 1.45 ± 0.45 ± 0.41± 0.06
B− → D∗0π− 9± 3 0.39 ± 0.14 ± 0.10± 0.02
B− → D∗0ρ− 7± 4 0.96 ± 0.58 ± 0.36± 0.04
B− → D(∗)0J π− 6± 3 0.13 ± 0.07 ± 0.03± 0.01
B− → D∗+π−π−π0 26 ± 10 1.68 ± 0.65 ± 0.38± 0.07
B− → D(∗)0J ρ− 5± 3 0.33 ± 0.20 ± 0.08± 0.01
B− → D∗+π−π− 11 ± 6 0.24 ± 0.13 ± 0.05± 0.01
B− → D0D−s 4.4 ± 2.2 1.65 ± 0.82 ± 0.42± 0.07
B− → D0D∗−s 2.3 ± 1.8 1.10 ± 0.82 ± 0.30± 0.04
B− → D∗0D−s 2.0 ± 1.4 0.77 ± 0.53 ± 0.18± 0.03
B− → D∗0D∗−s 4.8 ± 2.5 1.84 ± 0.95 ± 0.44± 0.07
B− → ψK− 6 0.08 ± 0.04 ± 0.01
B− → ψ′K− 5 0.20 ± 0.09 ± 0.04
B− → ψK∗− 2 0.19 ± 0.13 ± 0.03
B− → ψ′K∗− < 3.9 < 0.53 at 90% C.L.
B− → ψK−π+π− < 8 < 0.19 at 90% C.L.
B− → ψ′K−π+π− 3 0.21 ± 0.12 ± 0.04
B− → χc1K− 4± 2.0 0.22 ± 0.15 ± 0.07
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TABLE XXXV. Detailed B¯0 branching ratios. Experiment: ARGUS
B¯0 decay Signal events Branching ratio [%]
B¯0 → D+π− 22 ± 5 0.48 ± 0.11 ± 0.08± 0.07
B¯0 → D+ρ− 9± 5 0.90 ± 0.50 ± 0.27± 0.14
B¯0 → D∗+π− 12 ± 4 0.26 ± 0.08 ± 0.04± 0.01
B¯0 → D∗+ρ− 19 ± 9 0.65 ± 0.28 ± 0.26± 0.03
B¯0 → D∗+π−π−π+ 26 ± 7 1.12 ± 0.28 ± 0.33± 0.04
B¯0 → D+D−s 2.4 ± 1.8 1.09 ± 0.83 ± 0.44± 0.16
B¯0 → D+D∗−s 3.2 ± 2.0 1.73 ± 1.09 ± 0.67± 0.26
B¯0 → D∗+D−s 2.6 ± 1.8 0.80 ± 0.57 ± 0.22± 0.03
B¯0 → D∗+D∗−s 3.9 ± 2.0 1.49 ± 0.80 ± 0.43± 0.06
B¯0 → ψK0 2 0.09 ± 0.07 ± 0.02
B¯0 → ψ′K0 < 2.3 < 0.31 at 90% C.L.
B¯0 → ψK¯∗0 6 0.13 ± 0.06 ± 0.02
B¯0 → ψ′K¯∗0 < 3.9 < 0.25 at 90% C.L.
B¯0 → ψ′K−π+ < 2.3 < 0.11 at 90% C.L.
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TABLE XXXVI. Detailed B− branching ratios. Experiment: CLEO 1.5
B− decay Signature Signal Eff. BR [%] Branching ratio [%]
B− → D0π− 0.56 ± 0.08 ± 0.05± 0.02
D0 → K−π+ 19± 5 0.42 0.50 ± 0.12
D0 → K−π+π+π− 25± 6 0.27 0.49 ± 0.10
D0 → K¯0π+π− 10± 4 0.05 1.32 ± 0.55
B− → D0π+π−π− 1.24 ± 0.31 ± 0.14± 0.05
D0 → K−π+ 34± 8 0.32 1.24 ± 0.31
B− → D∗0π− 0.99 ± 0.25 ± 0.17± 0.04
D0 → K−π+ 9± 3 0.13 0.97 ± 0.35
D0 → K−π+π+π− 12± 4 0.08 0.94 ± 0.35
B− → D(∗)0J π− 0.13 ± 0.07 ± 0.01± 0.01
D0 → K−π+ 2.2± 1.5 0.22 0.15 ± 0.10
D0 → K−π+π+π− 1.8± 1.5 0.13 0.11 ± 0.09
B− → D∗+π−π− < 0.37
D0 → K−π+ < 8 0.22 < 0.54
D0 → K−π+π+π− < 3.5 0.11 < 0.24
B− → D0D−s 1.66 ± 0.70 ± 0.71± 0.07
5.0± 2.2 0.07 1.66 ± 0.70
B− → ψK− 0.09 ± 0.02 ± 0.02
ψ → µ+µ−, e+e− 11± 3 0.41 0.09 ± 0.02
B− → ψ′K− < 0.05
ψ′ → µ+µ−, e+e− < 2.3 0.53 < 0.10
ψ′ → ψπ+π− < 2.3 0.23 < 0.11
B− → ψK∗− 0.15 ± 0.11 ± 0.03
ψ → µ+µ−, e+e− 2± 1 0.05 0.15 ± 0.11
B− → ψ′K∗− < 0.38
ψ′ → µ+µ−, e+e− < 2.3 0.08 < 0.70
ψ′ → ψπ+π− < 2.3 0.03 < 0.82
B− → ψK−π+π− 0.14 ± 0.07 ± 0.03
ψ → µ+µ−, e+e− 6± 3 0.14 0.14 ± 0.07
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TABLE XXXVII. Detailed B¯0 branching ratios. Experiment: CLEO 1.5
B¯0 decay Signature Signal Eff. BR [%] Branching ratio [%]
B¯0 → D+π− 0.27 ± 0.06 ± 0.03± 0.04
D+ → K−π+π+ 17± 4 0.33 0.23 ± 0.06
D+ → K¯0π+ 4± 2 0.09 0.56 ± 0.30
B¯0 → D+π−π−π+ 0.80 ± 0.21 ± 0.09± 0.12
D+ → K−π+π+ 27± 9 0.22 0.40 ± 0.19
D+ → K¯0π+ 11± 4 0.06 2.70 ± 1.00
B¯0 → D∗+π− 0.44 ± 0.11 ± 0.05± 0.02
D0 → K−π+ 8± 3 0.34 0.36 ± 0.14
D0 → K−π+π+π− 9± 3 0.19 0.38 ± 0.12
B¯0 → D∗+ρ− 2.11 ± 0.89 ± 1.23± 0.08
D0 → K−π+ 2± 1 0.02 1.35 ± 0.90
D0 → K−π+π+π− 4± 2 0.02 1.90 ± 0.95
B¯0 → D∗+π−π−π+ 1.76 ± 0.31 ± 0.29± 0.07
D0 → K−π+ 18± 4 0.15 0.17 ± 0.05
D0 → K−π+π+π− 18± 5 0.08 1.81 ± 0.57
B¯0 → D+D−s 0.58 ± 0.33 ± 0.24± 0.09
3.0± 1.7 0.10 0.65 ± 0.31
B¯0 → D∗+D−s 1.17 ± 0.66 ± 0.52± 0.05
3.0± 1.7 0.05 1.17 ± 0.57
B¯0 → ψK0 0.07 ± 0.04 ± 0.02
ψ → µ+µ−, e+e− 3± 2 0.15 0.07 ± 0.04
B¯0 → ψ′K0 < 0.16
ψ′ → µ+µ−, e+e− < 2.3 0.18 < 0.30
ψ′ → ψπ+π− < 2.3 0.07 < 0.35
B¯0 → ψK¯∗0 0.13 ± 0.06 ± 0.03
ψ → µ+µ−, e+e− 7± 3 0.21 0.13 ± 0.06
B¯0 → ψ′K¯∗0 0.15 ± 0.09 ± 0.03
ψ′ → µ+µ−, e+e− 2± 1 0.25 0.19 ± 0.13
ψ′ → ψπ+π− 1± 1 0.10 0.11 ± 0.11
B¯0 → ψK−π+ 0.12 ± 0.05 ± 0.03
ψ → µ+µ−, e+e− 7± 3 0.19 0.12 ± 0.05
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TABLE XXXVIII. Detailed B− branching ratios. Experiment: CLEO II
B− decay Signature Signal Eff. BR [%] Branching ratio [%]
B− → D0π− 0.55 ± 0.04 ± 0.05± 0.02
D0 → K−π+ 76.3 ± 9.1 0.43 0.48 ± 0.06
D0 → K−π+π0 134 ± 15 0.19 0.62 ± 0.07
D0 → K−π+π+π− 94± 11 0.22 0.57 ± 0.07
B− → D0ρ− 1.35 ± 0.12 ± 0.14± 0.04
D0 → K−π+ 80± 9 0.16 1.40 ± 0.18
D0 → K−π+π0 42± 9 0.04 1.04 ± 0.23
D0 → K−π+π+π− 90.4 ± 12.1 0.08 1.53 ± 0.20
B− → D∗0π− 0.52 ± 0.07 ± 0.07± 0.03
D0 → K−π+ 13.3 ± 3.8 0.16 0.36 ± 0.13
D0 → K−π+π0 37.7 ± 6.9 0.08 0.63 ± 0.12
D0 → K−π+π+π− 20.0 ± 4.9 0.08 0.52 ± 0.13
B− → D∗0ρ− 1.68 ± 0.21 ± 0.27± 0.07
D0 → K−π+ 25.7 ± 5.4 0.06 1.74 ± 0.37
D0 → K−π+π0 43.8 ± 7.8 0.03 2.24 ± 0.40
D0 → K−π+π+π− 16.9 ± 4.6 0.03 1.19 ± 0.35
B− → D∗0π−π−π+ 0.94 ± 0.20 ± 0.17± 0.02
D0 → K−π+ 5.5 ± 2.9 0.05 0.51 ± 0.26
D0 → K−π+π0 27.7 ± 7.2 0.02 1.74 ± 0.45
D0 → K−π+π+π− 15± 4 0.03 1.26 ± 0.37
B− → D∗0a−1 1.88 ± 0.40 ± 0.34± 0.04
D0 → K−π+ 5.5 ± 2.9 0.05 1.02 ± 0.52
D0 → K−π+π0 27.7 ± 7.2 0.02 3.42 ± 0.90
D0 → K−π+π+π− 15.0 ± 4.5 0.03 2.52 ± 0.74
B− → D+π−π− < 0.14
D+ → K−π+π+ < 10.3 0.11 < 0.14
B− → D∗+π−π− 14.1 ± 5.4 0.19 ± 0.07 ± 0.03± 0.01
B− → D∗∗0(2420)π− 0.11 ± 0.05 ± 0.02± 0.01
D∗∗0 → D∗+π− 8.5 ± 3.8 0.11 ± 0.05
B− → D∗∗0(2420)ρ− < 0.14
D∗∗0 → D∗+π− 3.4 ± 2.1 < 0.14
B− → D∗∗0(2460)π− < 0.13
D∗∗0 → D∗+π− 3.5 ± 2.3 < 0.28
D∗∗0 → D+π− < 5.6 0.21 < 0.13
B− → D∗∗0(2460)ρ− < 0.47
D∗∗0 → D∗+π− 3.2 ± 2.4 < 0.50
D∗∗0 → D+π− < 6.1 0.08 < 0.47
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TABLE XXXIX. Detailed B− branching ratios. Experiment: CLEO II
B− decay Signature Signal Eff. BR [%] Branching ratio [%]
B− → ψK− 0.110 ± 0.015 ± 0.009
ψ → µ+µ−, e+e− 58.7 ± 7.9 0.47 0.11± 0.01
B− → ψ′K− 7.0± 2.6 0.061 ± 0.023 ± 0.009
B− → ψK∗− 0.178 ± 0.051 ± 0.023
K∗− → K−π0 6.0± 2.4 0.07 0.22± 0.09
K∗− → Ksπ− 6.6± 2.7 0.17 0.13± 0.06
B− → ψ′K∗− < 0.30
K∗− → K−π0 1± 1 < 0.56
K∗− → Ksπ− 1± 1 < 0.36
B− → χc1K− 0.097 ± 0.040 ± 0.009
χc1 → γψ 6.0± 2.4 0.20 0.10± 0.04
B− → χc1K∗− < 0.21
K∗− → K−π0 0 0.03 < 0.67
K∗− → Ksπ− 0 0.11 < 0.30
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TABLE XL. Detailed B¯0 branching ratios. Experiment: CLEO II
B¯0 decay Signature Signal Eff. BR [%] Branching ratio [%]
B¯0 → D+π− 0.29 ± 0.04 ± 0.03± 0.05
D+ → K−π+π+ 80.6 ± 9.8 0.32 0.29 ± 0.04
B¯0 → D+ρ− 0.81 ± 0.11 ± 0.12± 0.13
D+ → K−π+π+ 78.9 ± 10.7 0.12 0.81 ± 0.11
B¯0 → D∗+π− 0.26 ± 0.03 ± 0.04± 0.01
D0 → K−π+ 19.4 ± 4.5 0.35 0.22 ± 0.05
D0 → K−π+π0 31.9 ± 6.4 0.14 0.30 ± 0.06
D0 → K−π+π+π− 20.5 ± 5.2 0.15 0.27 ± 0.07
B¯0 → D∗+ρ− 0.74 ± 0.10 ± 0.14± 0.02
D0 → K−π+ 21.9 ± 5.2 0.12 0.71 ± 0.17
D0 → K−π+π0 39.8 ± 7.2 0.05 1.08 ± 0.20
D0 → K−π+π+π− 14.6 ± 4.6 0.05 0.52 ± 0.17
B¯0 → D∗+π−π−π+ 0.63 ± 0.10 ± 0.11± 0.02
D0 → K−π+ 13.5 ± 3.9 0.10 0.58 ± 0.17
D0 → K−π+π0 21.7 ± 5.9 0.04 0.67 ± 0.18
D0 → K−π+π+π− 13.9 ± 4.4 0.04 0.65 ± 0.19
B¯0 → D∗+a−1 1.26 ± 0.20 ± 0.22± 0.03
D0 → K−π+ 13.5 ± 3.9 0.10 1.16 ± 0.34
D0 → K−π+π0 21.7 ± 5.9 0.04 1.34 ± 0.36
D0 → K−π+π+π− 13.9 ± 2.4 0.04 1.30 ± 0.38
B¯0 → D0π+π− < 0.16
D0 → K−π+ < 10.1 0.19 < 0.16
B¯0 → D∗∗+(2460)π− < 0.22
D∗∗+ → D0π+ < 5.6 0.26 < 0.22
B¯0 → D∗∗+(2460)ρ− < 0.49
D∗∗+ → D0π+ < 5.1 0.11 < 0.49
B¯0 → ψK0 0.075 ± 0.024 ± 0.008
ψ → µ+µ−, e+e− 10.0 ± 3.2 0.34 0.08 ± 0.02
B¯0 → ψ′K0 0 < 0.08
B¯0 → ψK¯∗0 0.169 ± 0.031 ± 0.018
ψ → µ+µ−, e+e− 29.0 ± 5.4 0.23 0.17 ± 0.03
B¯0 → ψ′K¯∗0 4.2 ± 2.3 < 0.19
B¯0 → χc1K0 < 0.27
χc1 → γψ 1± 1 0.14 < 0.27
B¯0 → χc1K¯∗0 < 0.21
χc1 → γψ 1.2 ± 1.5 0.13 < 0.21
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